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On the historical 1641 eruption of Mt Parker - Southern Maguindano 
" ... the latest and most extraordinary andwonderous miracle of this 4th day of January (1641) is the noise described 
in this letter, which commenced in the air between 9 and 10 AM and which was heard not only in Manila but also 
in the provinces of Ilocos and Cagayan, probably 140 leagues distant, as well as in all the Philippine Islands and 
the Moluccas. (I'he sound) went as far as the Asian mainland, including the kingdoms of Cochin-China, 
Champa, and Cambodia, as reported by several members of the clergy and other credible persons 
who came.from these kingdoms to Manila. Within a circle of more than 300 leagues diameter and 
900 leagues circumference, the sound was simultaneous and of equal loudness ... . " 
Magisa (1641) 
Succeso raro de tres volcanes, dos de fuego, y uno de agua, que rebentaron a. 4. de Enero desde aflo de 1641, a un sismo 
tiempo en diferentes partes de estas islas Filipinas, con grande estruendro por lay ayres como de artilleria, y mosqueteria: 
Manila, Compania de Jesus, 6 p. 
" ... The island of Mindanao also contains a number of volcanoes, which produce a great deal of sulphur. 
The King of Mindanao, (Sultanate of Maguindanao), gets this substance from the 
ancient volcano of Sangi/, the mines of which are inexhaustible, 
for each eruption of the volcano adds a new stratum of sulphur to the old deposit. 
In January, 1640 (sic), one of the mountains of Mindanao, situated in the territory of the King of Buyaen, 
sixty leagues from Zamboanga, made a frightful noise and spread alarm and terror far and wide. 
The eruption was so violent that the summit was blown into the air and was carried two leagues or more away . 
.. different errors concerning the true place.from which the sound of the explosion came were doubtless 
due to the echoes.from the mountains of these islands ... 
The mountain cast forth such vast quantities of ash, and it was carried to such a height that the 
wind was able to transport it to incredible distances, for it fell in the most distant parts of the 
Philippine archipelago, in the Spice Islands, in Borneo, and in Manila ... " 
Le Gentil de la Galaisiere (1779-1781) 
Voyage dans les mers de 1 'Inde, fait par ordre du roi, a I' occasion du passage de Venus, sur le disque du soleil, 
le 6 juin 1761 , and le 3 du meme mois 1769: Paris, imprimerie royale. 
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ABSTRACT 
Magmatic-related porphyry copper and high-sulphidation epithermal copper-gold ore deposits 
in continent-margin and intra-oceanic arcs of the Pacific Rim are spatially clustered in discrete 
volcanic arc segments. Ore-forming episodes likewise occur within discrete time intervals and 
are temporally associated with intervals of compression within arcs. Understanding the spatial 
and temporal controls on fertility of magmas requires detailed multidisciplinary studies of young, 
ore-productive districts where the tectonic evolution of the arc can be closely integrated with the 
evolution of crustal stress, with the timing of mineralisation and with evolution of petrological, 
petrochemical and magmatic physico-chemical properties. The late Miocene to Recent 
magmatism of the Tampakan ore district of southern Mindanao, Philippines, provides this 
opportunity. Porphyry copper and high sulphidation epithermal mineralisation within the giant 
Tampakan Cu-Au deposit (2500 Mt@ 0.48% Cu) are hosted by a polygenetic volcanic complex 
that was constructed over the past 7 Myr. This interval spans the pre-, syn- and late-collision 
stages of arc-arc collision in the southern Mindanao segment of the Sangihe arc. Synthesis of 
tectonic reconstructions and of plate motions from GPS data reveal that crustal compression in 
southern Mindanao commenced at ~7 Ma and peaked at --4-3 Ma as subduction waned at the 
divergent Sangihe and Halmahera subduction systems, and during establishment of the nascent 
Philippine Trench and Cotabato Trench subduction systems. Porphyry Cu mineralisation at 
4.24-4.26 Ma (40Ar-39 Ar) and high-sulphidation Cu-Au mineralisation at 3.24-3.28 Ma (40Ar-
39 Ar; K/Ar) formed during peak compression. Crustal deformation was manifested by regional 
folding and thrust faulting. 
Laser-ablation ICPMS 238U-206Pb dating of detrital and rock-hosted zircon grains, together with 
40Ar-39 Ar and K/Ar radiometric dating and whole-rock chemistry define five magmatic cycles 
which extended from the late Miocene to the present. These produced four stratovolcanoes that 
were built and eroded in successive eruptive and erosional cycles. These semi-continuous 
magmatic products recorded the covariation of magmatic physico-chemical variables as the arc 
underwent a transition from normal subduction to cessation of subduction associated with 
compressive crustal stress during arc-arc collision. The volcanic series evolved from water-poor 
pyroxene-hornblende-phyric basaltic andesites to hornblende-pyroxene andesites and to water-
rich hornblende-biotite dacites. Major and trace element chemical data reveal progressive 
advance of hornblende saturation, and retreat of plagioclase saturation in the crystallisation 
sequence of successive magmatic cycles. High Sr/Y ratios are commonly attributed as a chemical 
feature of adakites, which are ascribed an origin by partial melting of an eclogitic source where 
refractory garnet retains Y. In contrast, high Sr/Y ratios in the Tampakan district are caused by 
hydrous, high-pressure crystal fractionation in the lower crust, where suppression of plagioclase 
crystallisation by high magmatic water activities allows Sr to accumulate during crystal 
fractionation, and crystallisation of hornblende to form lower-crustal hornblende-augite-
magnetite cumulates depletes Y from the residual melt. This element ratio (Sr/Y) is identified as 
a qualitative indicator of the magmatic water activity, and is a robust guide to the ore-forming 
potential of a magmatic series. 
Magmatic temperatures for the series range from 765°C to 909°C and volcanic log /02 varies 
between NNO+l.53 and NN0+2.50. Sulphur abundances in the melt are low (312 to 57 ppm) 
and decrease systematically with temperature. Data points for the series plot around the 
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anhydrite-saturation curve in :LSmeii-temperature coordinates, consistent with sulphur speciation 
calculations based on measured oxygen fugacity that indicate S03:H2S abundance proportions 
between -200: 1 and -6,000: 1 in the melt. The magmatic series were saturated with anhydrite 
during much of their evolution. Magmatic water contents were calculated for the successive 
magmatic cycles that erupted over the past 7 Myr. Magmatic water contents calculated using the 
Housh and Luhr (1991) plagioclase-melt Na-Ca exchange geohygrometer reveal water contents 
that increase from 4.1 % in the late Miocene to up to 8.2 % in the Pleistocene. 
238U-206Pb geochronology on 471 zircon samples from the Tampakan volcanic succession were 
used to parameterise time series in chemical compositions of volcanic rocks and phenocrysts, 
and time-series in magmatic temperature, oxygen fugacity and wt.% H20 in the pre-eruptive 
magma over the past 7 Myr. U!fi, U/Ge and Th/Ti ratios in dated detrital zircon grains resolve 
multiple million-year-scale magma recharge-and-crystallisation cycles within a long-lived lower-
crustal chamber. This deep reservoir resides at 18-22 km depth (-5-6 kbars; Al-in-hornblende 
geobarometry). The cyclic ramp-up and drop of these element ratios coincides with a 7 Myr-long 
"sawtooth" cyclic ramp-up in concentrations of volatiles and crystal incompatible trace elements 
in erupted andesites and dacites. Water contents climbed from 4.1 wt.% to 8.2 wt.% as Si02 
evolved from 57 to 67 wt.%, because the accumulation of volatiles in residual melt was passed 
down through multiple cycles of magma-chamber replenishment, magma mixing and 
crystallisation. The lower-crustal chamber was periodically tapped to form overlying sub-
volcanic chambers and four overprinting stratovolcanoes within the late Miocene to Recent 
Tampakan polygenetic volcanic complex. 
A lower-crustal magma chamber having a long lifespan and slow crystallisation rate relative to 
the frequency of recharge is required in order to generate the observed petrochemical trends and 
cyclic climb magmatic water content relative to Si02 content of the melts. This longevity is 
thermally and physically permissible where magma entrapment in the lower crust occurs in 
compressive stress regimes beneath volcanic arc segments that undergo transient collision, or are 
under-thrust by buoyant segments of the subducting plate. Calculated buoyancy forces of 1-3 km 
thick basaltic to andesitic melt columns in the ductile lower crust are comparable to horizontal 
tectonic stresses in orogenic zones, indicating that melt entrapment can be modulated by an 
ambient stress regime that inhibits magma ascent by dyke propagation. Numerical thermal 
models created using the 2-D graphical, user-interactive, heat flow program KWare HEAT 
predict that lower-crustal sills that are entrapped in the lower crust cool extremely slowly, with 
residual melt fractions remaining above the wet solidus for several million years, so 
intermittently erupted magmas exhibit chemical continuity over the -3-10 Myr period of crustal 
compression in collisional volcanic arcs. 
The results from this integrated study of the Tampakan district indicate that the spatial and 
temporal clustering of magmatic Cu-Au porphyry ores in volcanic arcs is a product of shared 
regional compressive stress which inhibits magma ascent by sub-vertical dyke propagation and 
promotes development of sub-horizontal magma chambers in the lower crust, where the trapped 
magma proceeds to crystallise cumulates until the residual melt evolves to sufficient buoyancy to 
propagate sub-vertical dykes. Volcanics and epizonal plutons related to porphyry-Cu ore in the 
Tampakan district display trace-element evidence that the melts segregated from high pressure 
(lower-crustal) cumulates consisting largely of Al-rich augite and hornblende, but little or no 
plagioclase. Magma chambers in hot lower crust cool very slowly and live long enough to 
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undergo multiple, million-year-scale cycles of magma replenishment and fractional 
crystallisation and tapping, over the course of which concentrations of "incompatible 
components" such as H20, Cl and S03 are passed on through multiple cycles of chamber 
replenishment and crystallisation and minor discharge and so accumulate to exceptional 
concentrations relative to major elements (Si02, Ali03, Na20 etc). Successive batches of 
increasingly H20-rich melt leaving the lower crustal chamber began to exsolve a hydrothermal 
fluid at successively greater depths. Hydrothermal fluids that exsolve at greater depths are denser 
and more efficient in scavenging Cu from the melt, because the fluid-melt partition coefficient of 
Cu is extremely pressure sensitive. This study suggests that the transition to metallogenic fertility 
of magmas at convergent margins is ultimately modulated by compressional stress that induces 
deep entrapment, build-up to anomalously high water contents and consequent magmatic-
hydrothermal fluid exsolution at deep mid-crustal depths in ascending magmas, and segregation 
of Cu-rich brines to apical parts of the ascending magma body. 
The superposition of both porphyry Cu and high-sulphidation-epithermal Cu-Au mineralisation 
in the Tampakan deposit, and the partial preservation of the host stratovolcanic edifice, allows 
investigation of the genetic relationship between these two deposit styles and study of the upper-
crustal palaeohydrology of a stratocone-centred, ore-forming magmatic-hydrothermal system. 
40 Ar-39 Ar dating reveals that the porphyry Cu mineralisation formed during the early Pliocene 
(4.24 ± 0.02 Ma, 4.26 ± 0.02 Ma), whereas high-sulphidation-epithermal mineralisation formed 
during the middle Pliocene (3.23 ± 0.03 Ma, 3.34 ± 0.05 Ma, 3.28 ± 0.06 Ma). The - 1 Myr age 
difference requires their formation from separate magmatic-hydrothermal systems that were 
established in the upper crust from different batches of melt. Petrochemical trends indicate that 
both hydrothermal systems emanated from epizonal magma chambers fed from a shared, long-
lived lower crustal magma reservoir. Erosion of Cycle 3 andesites during collisional uplift 
exposed porphyry-Cu-stage quartz stockwork veins at the palaeosurface in less than - 350 Kyr 
after porphyry mineralisation. After unroofing of the porphyry system, construction of the Cycle 
4a middle Pliocene volcanic centre commenced at 3 .93 Ma. A cryptic unconformity between 
Cycle 3 and Cycle 4a andesites became the principal surface for a stratigraphic groundwater 
aquifer that acted as a condensor for high-sulphidation-stage magmatic volatiles. 
Three aspects of the Tampakan high-sulphidation-epithermal palaeohydrological system are 
investigated: 1) the physical properties and hydrological transport mechanics of the magmatic 
supercritical fluids along the "magmatic vapor plume" from the site of accumulation in the 
carapace beneath the deposit to the meteoric- and magmatic-fluid mixing environment within the 
deposit; 2) identification of the composition and thermal properties of the fluid end-members and 
the geometry of mixing paths within the deposit; 3) the geometry and relative mixing ratios of 
magmatic and meteoric groundwater in various regional alteration zones of the district and the 
effect of topographic forcing of hybrid hydrothermal fluids along the western flank of the 
volcanic complex. 
The Tampakan high-sulphidation epithermal mineralisation formed from a dense vapor-like 
supercritical fluid with a density of - 0 .15 to 0 .25 g/ cc that exsolved from a relatively mafic 
andesitic melt emplaced at shallow depths of 2.6 km to 4 km. These melts had significantly less 
magmatic water (- 3-4 wt.% H20) than the more evolved andesitic melts associated with 
precursor porphyry Cu mineralisation (- 6.0 wt.% H20). The lower water content of high-
sulphidation-stage melts allowed shallower crustal emplacement and fluid exsolution as a low-
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density vapor, whereas more water-rich porphyry-stage melts from the preceding cycle exsolved 
a dense supercritical brine phase (0.3 to 0.45 glee) at deeper (- 6 to 8 km) crustal levels. 
Pressure and enthalpy constraints calculated for the high-sulphidation-stage magmatic fluid at 
several points along its flow path provide substantial insights into the magmatic fluid transport 
process. The magmatic vapor ascended along a nearly isochoric decompression path from the site 
of exsolution to the site of fluid mixing. The density of the vapor increased from -0.2 glee to 
-0.3 glee over a vertical ascent distance of -1.2 km. During transit, the vapor cooled 
conductively by -350°C. The nearly isochoric vapor transport mechanism through the 
lithostatically pressured, ductile rock column requires propagation of fluid-filled, fine-scale, 
migratory hydrofractures, with intimate contact between the vapor and the ductile wall rocks 
during vapor ascent. This ensured substantial conductive cooling (-875°C to -525°C) along the 
ascent path and that thermal contraction of the vapor balanced the tendency to expand with 
decompression. Instantaneous isoenthalpic decompression of the magmatic-vapor-charged 
mobile hydrofractures at the lithostatic-hydrostatic interface (brittle/ductile transition) near the 
base of the deposit, was associated with "instantaneous" cooling of the supercritical vapor from 
-525°C to -375°C. This pressure-temperature quenching efficiently condensed magmatic vapor 
to a modestly saline (5 wt.% NaCl equivalent) condensate that concurrently mixed with ambient 
meteoric water within a palaeo-aquifer at the base of the hydrostatic regime. Cooling of the dense 
magmatic condensate liquid (-0.62 glee) by dilution in the mixing column was associated with 
hydrolysis of S02 to H2S04, HS04-, so/- and to H2S which in turn produced a vertical pH 
gradient and a vertical textural zonation in alteration facies in the advanced-argillic lithocap. 
Oxygen-isotope and enthalpy balances indicate that sericite in the deep portions of the deposit 
and pyrophyllite at higher and peripheral regions precipitated from hybrid magmatic-meteoric 
waters which comprised -50% magmatic condensate. The hot, hybrid fluids formed a thermally 
buoyant plume due to transfer of heat from the high-enthalpy magmatic vapor into the meteoric 
water regime. The plume ascended and became entrained into a stratabound aquifer system on 
the west slope of the volcano. A substantial hydraulic head in the aquifer is implied by down-
stratigraphic-slope deflections in the time-integrated proxy fluid isotherms identified by 
calibration of PIMA II™ infrared spectral parameters with the chemical composition of potassic 
white mica. These calibrations reveal chemical trends in the composition of potassic white micas 
that can be tracked across several alteration environments. A central, and deep-seated, high-
temperature zone of nearly stoichiometric muscovite coincides with the locus of the inferred 
magmatic vapour plume. This zone is transitional to shallower and peripheral regions where 
there is an increasing replacement of K ions by neutral H20 molecules in the potassic white mica 
crystal structure, and decreasing Cu and Au grades. These trends reflect a central, deep-level 
zone of high fluid temperatures, with cooling paths deflected down-palaeo-slope at shallower 
levels in the volcanic edifice. Substantial magmatic fluid ascended into the hydrostatic regime 
along a 5 km by 1.5 km wide NNE-trending fault zone that partly controlled mineralisation. 
Lateral outflow of the hybrid fluids was controlled by regional dilational faults that transect the 
volcanic centre. Zoning of hydrothermal mineral compositions and assemblages reveal a superb 
example of hydrothermal plume-groundwater interaction and downslope dispersion. The plume 
of heated meteoric water and admixed magmatic condensate in the hydrostatic environment was 
centred within the Tampakan deposit. The deposit is located where gradients in the hybrid fluid's 
temperature proportion of magmatic fluid are greatest. Mineralisation was localised in the zone 
of steep temperature and pressure gradients associated with the interface between a deep 
lithostatic-pressured plume and a shallow hydrostatic-pressured plume. 
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CHAPTERl 
INTRODUCTION 
1.1 INTRODUCTION 
The Tampakan copper-gold deposit in Mindanao, Southern Philippines, is a giant high-
sulphidation epithermal (Cu-Au) deposit that lies juxtaposed on deeper-level porphyry-
Cu mineralisation. Mineralisation is hosted by altered diorite intrusions and andesitic 
volcanic flows that form a late Miocene volcanic basement sequence, and an overlying, 
erosionally dissected, late Miocene to Pliocene stratovolcanic complex. The Tampakan 
district is located at the northern end of the Miocene- to Pliocene-age Sangihe volcanic 
arc. This volcanic arc extends southward from Mindanao as an active island arc in the 
Molucca Sea and northern Sulawesi (Figure 1.1). The deposit was discovered by WMC 
Resources Ltd in 1993 and has a preliminary inferred resource of 2500 million tons 
grading 0.48% copper, with a higher-grade core of 900 million tons grading 0.75% 
copper. The total estimated in-situ metal content is 12.5 million tons of copper (Cu) and 
16 million ounces (500 tonnes) of gold (Au). This places Tampakan as the second largest 
combined Cu-Au resource within southeast Asia/Australasia, after the giant, diatreme-
hosted, Grasberg Cu-Au deposit in Irian Jaya. 
The Tampakan deposit is the first major exploration discovery within a newly defined 
metallogenic province in the southern portion of the Central Mindanao Cordillera, and 
lies within a classic syn- to post-collisional setting related to terrane accretion and arc-arc 
collision. This collision is associated with widespread thrust faulting and folding within 
the arc, and subduction polarity reversal. Tectonic events such as intense intra-arc 
compressional deformation, subduction reversal and post-collisional magmatism are 
. observed, either in isolation or in association, in many, if not most, other metallogenic 
provinces around the rim of the Pacific basin. Many of the key unresolved questions in 
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Figure 1.1 Map showing the distribution of Quaternary volcanism in the Philippines islands 
and Sulawesi, the location of the Tampakan district and the Sangihe volcanic arc 
(after Cardwell et al. 1980). 
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convergent margin metallogeny, detailed below, are interrelated and relate to this broad 
theme of intra-arc compression. 
• Why are some volcanic arcs metallogenically barren while others are extremely well 
endowed with magmatic-hydrothermal Cu and Au mineralisation? 
• Why do porphyry and epithermal Cu-Au provinces cluster within discrete regions or 
provinces, and why are they often separated by hundreds to thousands of kilometres 
of barren volcanic rocks of similar age? 
• Why do province-scale ore-forming episodes occur as discrete pulses of several 
million years in duration, and why are they bracketed in time by "infertile" suites that 
are seemingly incapable of forming ore, despite a semi-continuous magmatic history? 
• Does the geodynamic or tectonic setting play an important role in convergent margin 
metallogenesis? and if so, what is it's role? 
• Do Cu-Au ore-forming arc magmas possess specialised chemical compositions that 
enable them to produce ore, or is any arc magma of calc-alkaline affinity capable of 
forming ore, given an appropriate upper crustal "trap" site? 
• If ore forming arc magmas are in some way specialised in their chemistry, is this 
unique character inherited from the source region through specific metasomatic 
and/or melting conditions, or is this chemical specialisation acquired during magmatic 
differentiation and/or by assimilation-contamination during transit from the source to 
the site of mineralisation? 
• Are there arc-scale and province-scale tectonic, structural and/or petrochemical 
indicators that can enable mineral explorationists to effectively focus their exploration 
resources within convergent margin settings? 
These issues are addressed in the first part of this thesis through a case study of the 
Tampakan Cu-Au deposit. A detailed review of the problems to be addressed in both 
Part 1 and Part 2 of this thesis is presented in § 1.2. At the district- and deposit-scale 
setting, the deposit also presents an opportunity to investigate the genetic relationship 
between porphyry-style and high-sulphidation epithermal-style mineralisation, and to 
understand the hydrothermal palaeohydrology of a stratocone-centred, ore-forming 
magmatic hydrothermal system. 
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1.2 PRINCIPAL RESEARCH OBJECTIVES 
There are three principal research objectives that are addressed in this thesis. 
Tectonic and Petrogenetic Controls on Metallogenic Fertility 
An emerging and unresolved feature of island- and continental-arc metallogeny is the 
highly variable endowment for Cu and Au mineralisation between different arcs and arc-
segments. A second related and poorly understood feature of volcanic arc metallogeny is 
the episodic and temporally restricted nature of magmatic metallogenic fertility, with ore-
forming intervals often spanning several million years in duration, and occurring between 
periods of metallogenic infertility. 
Many of the major mineralised porphyry and epithermal provinces that contain multiple 
deposits display a long history of subduction-related magmatism (15 to >60 Myr). 
Processes of magmatic differentiation, enrichment of incompatible elements and volatile 
exsolution are evolutionary stages that occur in the majority of calc-alkaline magmas 
emplaced into subduction-generated volcanic arcs. However, the emplacement of ore-
forming magmas within a mineralised district typically spans a limited time interval 
(~3-10 Myr). Examples of these short-lived pulses of mineralisation include the deposits 
of the Andean cordillera [4-12 Ma, 20-22 Ma, 33-41 Ma, 55-60 Ma -Titley and Beane 
(1981)]; the southwest continental US [39-40 Ma, 52-59 Ma, 62-67 Ma -Titley and Beane 
(1981)]; the Philippines [1-5 Ma]; Papua New Guinea [1-6 Ma] and the New 
Ireland/Solomon Islands/Fiji region [0-4 Ma]. The regional tectonic factors that 
accompany and cause these brief periods of metallogenically fertile magmatism are 
poorly constrained. An understanding of the fundamental processes that contribute to 
these arc-scale temporal controls on metallogenesis is required in any holistic model for 
magmatic-related Cu-Au mineralisation. The regional and temporal variations of 
magmatic fertility/infertility suggest that the interplay between tectonic setting and 
magmatic physicochemical conditions plays a crucial role in controlling the ore-forming 
potential of volcanic arc intrusive rocks along convergent plate margins. 
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One of the key questions to be addressed by this study is whether ore-forming magmas 
are chemically specialised, or whether any calc-alkaline magma with typical water, 
chlorine and copper contents is capable of forming economic ore. Cline and Bodnar 
(1991) applied numerical simulations to copper and chlorine partitioning between a 
crystallising melt and exolving fluids in order to investigate the copper-transporting 
efficiency of fluids that exolved from ''typical" calc-alkaline magmas in shallow (0.5 
kbars) and deep (2 kbars) magmatic systems. They concluded from modelling of shallow 
magmatic systems that the earliest exolving fluids are chlorine-poor, while the latest 
exolving fluids in moderate to low-pressure systems typically reach NaCl saturation and 
consequently, have similarly high salinities and similar extraction efficiencies of copper 
from the melt. Cline and Bodnar (1991) also conclude that in deeper magmatic systems 
(> 1.3 kbars ), it is conversely the earliest exolving fluid that is the most saline, and that 
the high Cl/H20 ratio of the first fluid to exolve reflects the initial ratio in the melt, and 
hence the copper extraction efficiency of the exolved fluid. They conclude that "typical 
calc-alkaline magmas contain sufficient copper, chlorine and water to produce economic 
porphyry copper mineralisation". However, if this were the case, one would expect 
mineralisation to be present and randomly (more or less uniformly) distributed in all calc-
alkaline volcanic arcs, a feature that is not corroborated by the geological record. 
The strong temporal and geographic bias or clustering of porphyry and epithermal Cu-
Au districts between volcanic arcs and within volcanic arcs, suggests that most "typical" 
calc-alkaline magmas are incapable of making ore, or there are other fundamental 
controlling processes operating on the tectonic- and crustal-scale, which negate the ore-
forming capability of typical calc-alkaline magmas. Examples of volcanic arcs and arc-
segments that contain calc-alkaline sequences, and yet are devoid of significant 
mineralisation, include the Southern Volcanic Zone in southern Chile, the Aleutian arc, 
the Tonga-Kermadec arc, the Vanuatu arc, the arc volcanism in southern and central 
Sumatra and the Cascade arc. In contrast, the island arcs of the Philippines, north and 
west Sulawesi, the eastern Sunda arcs of Indonesia, Papua New Guinea and the 
Solomons, and specific temporal episodes of the continental arcs in central-northern 
Chile (the Miocene-Pliocene Maricunga and El Indio belts and the Eocene-Oligocene 
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supergiant porphyry province in northern Chile) and the Peruvian arc segment are 
exceptionally well endowed with Cu and Au mineralisation. 
An important paper by Lang and Titley (1998) provided indications of some degree of 
systematic chemical specialisation in fertile magmas. They demonstrated an evolution 
from barren through to increasingly productive intrusives within magmatic complexes of 
Laramide age in Arizona, and parallel systematic evolution of petrochemical 
characteristics of younger intrusives within a given magmatic complex. These 
petrochemical characteristics included decreasing concentrations of rare earth elements 
(REE) with time, attendant steepening of chondrite-normalised REE profiles, increasing 
upward concavity in REE profiles and changes in the Eu anomaly from negative to 
significantly less negative or positive. They noted similar REE trends in a number of 
other porphyry districts. The work of Lang and Titley (1998) clearly suggests that ore-
forming magmas do display some degree of chemical specialisation, and that in many 
igneous complexes, early calc-alkaline intrusives failed to make ore. Their study 
concluded that the primary control in driving petrochemical trends was the increasing 
petrogenetic involvement of hornblende as a residue of crustal melting. The model of 
Lang and Titley (1998) for the Laramide porphyry systems involved a principal magma 
source in amphibolitic lower crust, with potential processes involving either progressive 
crustal metasomatism, increasing assimilation of crustal amphibolite by mantle melts, or 
upward migration of crustal anatexis from deep anhydrous sequences to shallower 
amphibolites. Further studies, such as presented in this thesis, corroborate the 
petrogenetic trends first identified by Lang and Titley (1998), and importantly, provide an 
alternative explanation for development of metallogenically fertile magmas which is 
likely to be applicable in island and continental volcanic arcs elsewhere around the 
Pacific rim. 
The most appropriate regions to study this problem are where mineralisation is of 
sufficiently young age, that the pre-, syn- and post-mineralisation tectonic setting can be 
well constrained. The late Pliocene to Recent volcanic island arcs of southeast Asia and 
the southwest Pacific are suitable localities for this type of study. The Pliocene age of the 
Tampakan deposit enables interpretation of the petrology, petrochemistry and 
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geochronology of the ore-bearing and barren magmatic suites in the context of the well 
constrained tectonic framework for Mindanao. The principal aim of Part 1 of this thesis is 
to identify the relevant tectonic-scale cause-and-effect relationships responsible for 
magmatic metallogenic fertility in the Tampakan district of southern Mindanao, and to 
determine the important petrochemical characteristics diagnostic of ore-forming magmas. 
This study also aims to identify relevant petrochemical indicators for magmatic fertility in 
addition to those previously identified. Previous studies which have proposed 
discriminants of magmatic fertility, in addition to the work of Lang and Titley (1998), 
include Baldwin and Pearce (1982), who reported Y, MnO, Th and HREE depletion in 
productive intrusions, and Armbrust et al. ( 1977) who proposed elevated Rb in propylitic 
alteration zones. This study presents data testing new discriminants that are capable of 
discriminating productive and non-productive arcs and arc-segments, and the temporal 
variations in fertility therein. 
The Temporal and Genetic Relationship Between Porphyry Ores and High-
Sulphidation Epithermal Ores at Tampakan 
High-sulphidation (Hedenquist 1987) epithermal deposits are magmatic-related Cu-Au 
deposits that are characterised by a high /S2 sulfide mineral assemblage, typically 
enargite-luzonite-bornite-chalcocite-digenite-covellite, and are associated with advanced 
argillic alteration mineral assemblages which are typically zoned outward from quartz-
alunite-diaspore through to pyrophyllite-dickite, illite-kaolinite and peripheral chlorite. 
Work over the past 15 years in porphyry and epithermal systems has revealed a close 
spatial and, in some cases, an enigmatically close temporal association between some 
porphyry deposits and high-sulphidation epithermal Cu-Au deposits. Early recognition of 
these associations led Sillitoe (1983, 1989, 1991) to propose a genetic relationship 
wherein high-sulphidation enargite-bearing epithermal mineralisation represented a 
shallow facies of subvolcanic porphyry-ore-forming magmatic systems, where low-
density magmatic gas condensed at shallow levels. Stoffregen (1987) demonstrated that 
the textural features observed in the Summitville high-sulphidation deposit, Colorado, 
were the product of extreme acid leaching by hydrothermal fluids at pH < 2 and at 
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temperatures around 250°C. Steven and Ratte (1960) defined an alteration zonation at 
Summitville which represented progressive neutralisation of acidic hydrothermal fluids 
by interaction with the country rock. Early published work on high-sulphidation Cu-Au 
deposits include Ashley (1982), Bethke (1984), Bonham (1984), Berger (1986), Heald et 
al. (1987), Hedenquist (1987) and Berger and Henley (1989). Models for high-
sulphidation epithermal deposits have been proposed by Berger and Henley (1989), 
Sillitoe (1989), White (1991), Giggenbach (1992), Rye (1993) and Hedenquist et al. 
(1994). 
Paired porphyry Cu and high-sulphidation epithermal Cu-Au deposits are rarely 
observed superimposed within the same rock column on the deposit-scale, though they 
are locally observed occurring within the same district. The loose coupling is interpreted 
by Sillitoe (1973, 1983) to reflect the large vertical scale(~ 8 km) over which magmatic 
hydrothermal systems operate in the upper-most crust, and the fact that exposure of the 
deep porphyry environment requires erosion of high-level epithermal enargite 
mineralisation that overlies porphyry systems. Sillitoe (1983) recognised the requirement 
for significant syn-mineralisation erosion in some deposits to produce the "telescoping" 
of mineral assemblages required to preserve both porphyry and high-sulphidation 
epithermal mineralisation in close proximity to each other. The inferred genetic 
association first made by Sillitoe (1983), and corroborated by subsequent workers, is 
based on several key porphyry and high-sulphidation-epithermal deposit pairs: Lepanto 
and Far Southeast in Luzon (Arribas et al. 1995); La Mejicana and Nevados de Famatina 
in Argentina (Losada-Calderon and Bloom, 1990); El Hueso and Potrerillos in Chile 
(Marsh et al. 1997), and enargite occurrences above porphyry ore at Bor, Yugoslavia; 
Resek, Hungary; El Salvador, Chile; Frieda River, PNG; and Butte, Montana (Sillitoe, 
1983). Additional high-sulphidation-style mineralisation, such as enargite-bomite veins, 
is observed associated with porphyry ore at Escondida, Chuquicamata, El Abra, El 
Salvador, Collahuasi and Potrerillos, Chile (Sillitoe, 1991). The Lepanto high-
sulphidation epithermal and Far Southeast porphyry deposits in Luzon (Philippines) were 
shown by Arribas et al. (1995) to be contemporaneous in age, and related to a single 
hydrothermal system of ~300 Kyr duration. The La Mejicana porphyry and Nevados de 
Famatina epithermal deposit pair in Argentina were interpreted by Losada-Calderon and 
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Bloom (1990) to be part of the same hydothermal system on the basis of fluid inclusion 
and alteration studies. In contrast, "main-stage" massive enargite-chalcocite-bornite-
alunite high-sulphidation veins at Butte postdate porphyry Cu mineralisation by ~5 Myr 
(Brimhall, 1974), and thus reflects a separate hydrothermal event. Furthermore, high-
sulphidation mineralisation at the El Hueso epithermal deposit in the Potrerillos district in 
Chile predates mineralisation in the Cobre and Norte porphyry deposits by ~5 Myr 
(Marsh et al. 1997). 
The Tampakan deposit represents a similar deposit pair, with extensive high-
sulphidation enargite-chalcocite-bornite-covellite mineralisation occurring within an 
advanced argillic blanket, which locally penetrates down cross-cutting faults and 
overprints chlorite and secondary-biotite potassic alteration assemblages of an underlying 
porphyry system. The Tampakan deposit thus provides another rare opportunity to use 
geochronology to define the temporal and hence genetic relationship of this association of 
deposit styles. 
Palaeohydrological Relationships in a Stratovolcano-related Magmatic-Hydrothermal 
System: The Effect of Topography 
Understanding the hydrology of intrusion-centred meteoric-water convection cells, and 
the interaction between single-phase and steam + brine two-phase magmatic, meteoric 
and various hybrid waters is of first-order importance for prediction of likely sites of 
mineral deposition within magmatic-hydrothermal systems. The local hydrological 
framework is a major variable that can affect the spatial relationship between different 
deposit styles. The near-surface hydrology is likely to be profoundly influenced by local 
topography, which affects the dynamics of magmatic-meteoric water interaction. Volcanic 
edifice topography may be a key factor in the development of giant ore districts related to 
sub-volcanic intrusions. Topographic forcing of meteoric water flow by a central 
stratovolcanic edifice along radial fractures and quaquaversally-dipping beds, with lateral 
entrainment of rising two-phase magmatic fluids, is potentially responsible for producing 
mineralisation distributed over a broad area, not only above the central intrusive complex, 
but also at lower topographic elevations. Laterally extensive, radially zoned mineralised 
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districts that may exhibit this "central topographic forcing" and radial outflow affect 
include Bingham Canyon, Utah; Andacollo, Chile; and Julcani, Peru (R. Loucks, pers. 
com.mun.). In contrast, if the mineralising intrusion is emplaced in a topographically 
subdued setting or a central caldera with higher-level peripheral recharge areas, then 
radial outflow away from the magmatic heat source should be unimportant. External fluid 
forcing down towards the central pluton helps to drive central upward convection above 
the stock, with minimal lateral fluid outflow at high levels. This caldera topographic 
geometry would produce vertical zonation in mineralisation styles; however, erosional 
exposure of the central porphyry system would require removal of higher-level 
mineralisation. 
A district-scale fluid-flow study is conducted in the stratocone-centred Tampakan 
district using a regional survey of the 8180 compositions of hydrothermally altered rocks; 
deposit-scale 8180 and 8D data on altered rocks and hydrothermal minerals in various ore 
facies; mapping of regional- and deposit-scale zonation patterns of hydrothermal mineral 
assemblages using a portable infrared spectrometer; and additional palaeohydrological 
constraints provided by geochronological data. 
1.3 METHODS AND THESIS OUTLINE 
This thesis is divided into two sections that investigate the evolution of the district at 
different scales and stages. Part 1 (Chapters 2 to 7) involves description and 
interpretation of the key tectonic, petrochemical, magmatic intensive variables and crustal 
stress states that were conducive to magmatic metallogenic fertility in the Tampakan 
district. The genetic relationship between high-sulphidation epithermal Cu-Au 
mineralisation and porphyry Cu mineralisation at Tampakan is discussed in this section. 
Part 2 (Chapters 8 to 11) explores hydrothermal processes, and incorporates a 
palaeohydrological study at both deposit- and district-scale, with the aid of infrared 
spectroscopic mapping of alteration mineral facies, stable isotope data (deuterium and 
oxygen), strontium isotope data, fluid inclusion data and radiometric age dating of 
alteration facies and rocks from Part 1. 
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Part 1, Chapter 2 presents a synthesis of the middle to late Cenozoic tectonic history of 
southeast Asia, events which led to terrane accretion in Mindanao during the Miocene-
Pliocene, and the present tectonic setting. Re-interpretation of aspects of subducted slab 
geometry during the late Cenozoic is presented. Chapters 3 and 4 establish the important 
link between regional tectonic-scale processes during the middle Miocene to present, and 
the structural and geological evolution of the Tampakan district and mineralisation. 
Chapter 3 presents the volcanic setting, stratigraphy and structural geology of the 
Tampakan district. Chapter 4 discusses the results of 40Ar-39 Ar radiometric age dating of 
volcanic and plutonic rocks within the district, and zircon 238U-206Pb radiometric age 
dating (laser ablation ICP-MS) of zircon separates of intrusive and extrusive rocks, and of 
detrital zircon populations. Chapter 5 presents the petrological characteristics of the 
Tampakan district igneous suite, and presents the results and interpretations of major- and 
trace-element petrochemical data acquired for 54 rock samples from the Tampakan 
district. The age-constrained trace-element chemistry of detrital zircon populations is also 
presented. In addition, the Tampakan district petrochemical data are compared with data 
compiled from published literature for the post-collision Sangihe arc segment in central 
Mindanao, and for the syn-collision Sangihe arc segment in the northern and central 
Molucca Sea. In Chapter 6, several magmatic intensive physicochemical variables are 
calculated for a representative subset of the Tampakan magmatic suite, including: 
magmatic temperatures; f 0 2; phenocryst crystallisation pressures; magmatic water 
contents; sulphur contents; sulphur speciation; depth of magmatic fluid exsolution; and 
how these physicochemical variables have evolved over time. Chapter 7 discusses the 
mechanisms for stress entrapment of magmas in the lower-crust, and presents numerical 
thermal models for magma chamber longevity. The magmatic differentiation model for 
the Tampakan district entails a broadly monotonic build-up of incompatible elements 
within a long-lived and evolving magmatic reservoir in the lower-crust. A model for the 
key elements required to generate magmatic fertility in a convergent margin setting is 
presented in Chapter 12. 
In Part 2 of this dissertation, Chapter 8 reviews the geology of the Tampakan deposit 
and discusses the zonation of alteration mineral facies and hydrothermal mineral 
petrography. Chapter 9 presents the results of detailed spectral mapping of alteration 
12 
Chapter 1 Introduction 
mineral facies, and an electron-microprobe calibration of the variation m infrared 
absorption spectra of potassic white mica with varying chemistry of potassic white micas. 
This work has implications for broad-scale mapping of time-integrated physicochemical 
gradients in fluid temperature and activity of Si02 (aq) both within the Tampakan deposit 
as an exploration vector to ore, and for constraining aspects of palaeohydrology within 
other similar magmatic-hydrothermal systems. Chapter 10 explores the hydrothermal 
fluid characteristics of both the deep-level porphyry Cu mineralisation, and shallow high-
sulphidation epithermal Cu-Au mineralisation, with the use of stable isotope data (0180, 
oD). Chapter 11 presents the results of a district-scale whole-rock oxygen-isotope-based 
palaeohydrological study, interpreted with the assistance of major-element whole-rock 
chemistry and district-scale hydrothermal alteration mineral data. A summary discussion 
of the palaeohydrology of the deposit and district is presented in the concluding chapter. 
1.4 PREVIOUS WORK 
The geological setting, stratigraphy and mineralisation of the Tampakan district have 
received minimal previous work, with only the latter being mentioned in passing by 
Mitchell and Leach (1991) in "Epithermal Gold in the Philippines: Island Arc 
Metallogenesis, Geothermal Systems and Geology". There are no pre-existing detailed 
maps of the region, apart from the regional 1 :800,000 scale ' 'Neotectonic Map of 
Mindanao - Philippines" (Pubellier et al. 1993), which correctly depicts the district as 
comprising Upper Miocene to Pliocene Volcanics. Ranneft et al. (1960) defined 
preliminary stratigraphic relationships in southern Mindanao during early petroleum 
reconnaissance exploration. Minor exploration activity along the southwest margin of the 
Tampakan district, by Santos Y fiigo of the Bureau of Mines, identified stratiform 
goethite-hematite deposits at Landayao, immediately northwest of Mt Matutum 
(Buenavista et al. 1992), with mineralisation attributed to recent hot-spring activity. 
District-scale geological mapping conducted by WMC Resources Ltd (Buenavista et al. 
1995) had defmed a preliminary template for volcano-stratigraphic relationships within 
the district. Aspects of the mineralogy and fluid-inclusion systematics of the deposit are 
documented in unpublished internal company memoranda by J.D.A.Clarke and M.Fu, and 
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m an unpublished company K-report by L.Reynolds (WMC Resources Ltd). These 
comprised pilot-scale petrography-based studies of the porphyry and high-sulphidation 
mineralisation. 
1.5 FIELD DATA ACQUISITION 
The period extending from July 1996 to October 1997 was spent working on the 
Tampakan Copper Project evaluation team based in General Santos City (Mindanao), in 
advance of commencing this PhD study. During this period, in addition to the daily 
responsibilities of my employment, I was able to acquire the majority of field data and 
samples for this PhD study. During this period, the Tampakan deposit was undergoing 
diamond drilling evaluation, a pre-feasibility study, ongoing resource estimate studies as 
well as environmental and social impact studies. At the time of field data acquisition, the 
available exposure of the Tampakan deposit was limited to heavily vegetated surface 
outcrop, mountain stream exposures, and drillcore from 92 diamond drillholes that 
penetrated mostly between 350 and 450 metres below the surface. The deepest drillhole 
extended to 520 vertical metres below the surface. The drill grid spacing varied between 
320 meters x 320 meters on the margins of the deposit, and 160 meters x 160 meters over 
the core of the deposit. The principal samples and data acquired during this period were: 
• Infrared spectra for 3879 core samples along five cross-sections through the deposit. 
• A geological and mineralogical database for drillholes along these five sections was 
compiled. Cross-sectional and long-sectional geological plans were constructed from 
the drillcore geological data. Summary sections only are presented in Chapters 4 and 8. 
• Regional-scale reconnaissance map verification and igneous suite sampling. 
• 251 samples of the Tampakan Andesite Sequence were collected for the district-scale 
isotopic-palaeohydrological study on a grid approximately 0.7-1 km x 0.7-1 km 
extending over the eroded Tampakan volcanic edifice. 
• 1003 samples of drillcore from throughout the deposit were collected, packaged and 
shipped to the ANU in Canberra. Samples for petrographic, geochronology and stable 
isotope studies were drawn as subsets from this reference suite of samples. 
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• Samples of stream sediments from several localities along the western side of the 
volcanic centre were acquired for zircon geochronology and geochemical studies. 
An additional field visit was made in June-July of 1999, primarily to acquire additional 
regional samples for the district-scale palaeohydrological study. 
1.6 LOCATION, PHYSIOGRAPHY AND HISTORICAL SETTING 
The Tampakan district is located in southern Mindanao, the southernmost and second 
largest island of the Philippine archipelago. The district lies between the three principal 
cities of Mindanao: Davao, General Santos City and Cotabato City, and is bounded by 
latitudes 6°26'00" to 6°56'00" and longitudes 124°56'30" to 125°11 '30". The district 
overlaps the provincial boundaries of South Cotabato, Sultan Kudarat, Davao Del Sur 
and North Cotabato. The Tampakan deposit is located 45 km NNW of General Santos 
City, which lies at the head of Sarangani Bay (Figure 1.2). The district is located along 
the axis of the north-trending Central Mindanao Cordillera, which extends from 
Sarangani Peninsula in the south, through central Mindanao to the north coast near 
Camiguin Island. The district is centred between two Quaternary age stratovolcanoes (Mt 
Matutum and Mt Apo) that lie along this central cordilleran belt. 
The principal geographic features of Mindanao are a senes of linear, highland 
cordilleras comprised of island-arc volcanic rocks of Tertiary and Quaternary age. These 
include the Pacific Cordillera along the east coast of Mindanao, the Central Mindanao 
Cordillera, the Daguma Range, the Lanao-Bukidnon Highlands (Central Mindanao 
Volcanic Province) and the Zamboanga Peninsula that forms the northeast extension of 
arc-volcanism along the Sulu Archipelago (Figure 1.2). Approximately 80% of the land 
area of Mindanao is comprised of rugged, poorly accessible mountainous terrain of the 
interior, while the remaining land area is occupied by a narrow fringing coastal plain, the 
Koronadal and Alah valleys in southern Mindanao and the Agusan valley in northern 
Mindanao. The climate of southern Mindanao is wet tropical, with a monsoon season 
extending from June to December. The principal industries of Mindanao are agriculture-
based, however there are substantial forestry and fishery industries and a sporadic mining 
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history. The religious and social culture of Mindanaons has been shaped over the past 
400 years by a succession of foreign influences, principally the spread of Islam, followed 
by Spanish and American rule. Historically, religious and cultural differences, and the 
tyranny of distance from administrative centres, have slowed the development of 
Mindanao. Following Philippine independence on July 4th 1946, the new government 
encouraged migration of indigenous populations from the central and northern 
Philippines to Mindanao. With vast tracts of government land and abundant natural 
resources, Mindanao was regarded as the "Land of Promise". The economic development 
of Mindanao is a major focus of recent political regimes of the Philippines. The 
discovery, development and economic exploitation of major mineral resources within 
Mindanao, such as the Cu-Au resource at Tampakan, have been part of a wider 
government initiative in the post-Marcos era to strengthen the Philippine economy. This 
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process was aided by the recent revision and modernisation of the Philippine Mining Act 
in 1995 by the Ramos administration (Muyco and De Vera, 1995), and which was 
designed to attract foreign capital investment for mineral exploration and development in 
the Philippines. 
1.7 COMPANY SUPPORT 
This PhD project has evolved from a series of small-scale research projects conducted 
by WMC Resources Ltd personnel between 1993 and 1996, which formed part of an 
initiative to increase understanding of both mineralogical and hydrothermal-geochemical 
aspects of this world-class Cu-Au resource. This PhD research project commenced 
m November 1997, and was the beneficiary of financial and logistical support provided 
by WMC Resources Ltd, it's subsidiary WMC Philippines Inc. and an Australian 
Postgraduate Research Award (Industry). 
17 
Chapter 1 Introduction 
1.8 REFERENCES 
Armbrust, G.A., Oyarzun, J. and Arias, J. 1977. Rubidium as a guide to ore in Chilean porphyry 
copper deposits, Economic Geology, 72, pp. 1086-1100. 
Arribas, A. Jr, Hedenquist, J.W., ltaya, T., Okada, T., Concepcion, R.A. and Garcia, J.S. Jr 
1995. Contemporaneous formation of adjacent porphyry and epithermal Cu-Au deposits 
over 300 ka in northern Luzon, Philippines, Geology, 23, pp. 337-340. 
Ashley, R.P. 1982. Occurrence model for enargite-gold deposits. US. Geological Survey Open-
file Report 82-795, pp. 144-147. 
Baldwin, J.A. and Pearce, J.A. 1982. Discrimination of productive and nonproductive 
porphyritic intrusions in the Chilean Andes. Economic Geology, 77, pp. 664-674. 
Berger, B.R. 1986. Descriptive model of epithermal quartz-alunite Au. In: Cox, D.P. and Singer, 
D.A. (eds), Mineral Deposit Models. US. Geological Survey Bulletin 1693, pp. 158. 
Berger, B.R. and Henley, R.W. 1989. Advances in the understanding of epithermal gold-silver 
deposits, with spatial reference to the Western United States. Economic Geology 
Monograph,6,pp.405-423. 
Bethke, P.M. 1984. Controls on base and precious metal mineralisation in deeper epithermal 
environments. US. Geological Survey Open-file Report 84-890. 
Bonham, H.F. JR. 1984. Three major types of epithermal precious metal deposits. Geological 
Society of America Abstracts and Programs, 16, pp. 449. 
Brimhall, G.H. 1974. Lithologic determination of mass transfer of mechanisms of multi-stage 
porphyry copper mineralisation at Butte, Montana: Vein formation by hypogene leaching 
and enrichment of potassium-silicate protore. Economic Geology, 74(3), pp .. 556-589. 
Buenavista, A., Protacio, J.A. and Marcos, D. 1992. Results of reconnaissance exploration over 
optioned claims of Sagittarius, Tampakan and SouthCot Mining Corporations m 
Tampakan, South Cotabato, Philippines. WMC Internal K-Report (K3452) , pp. 1-16. 
Buenavista, A., Ignacio, A. and Edris, M. 1995. Geology of Mt. Matutum quadrangle and 
vicinity. WMC Internal K-Report (K3468) , pp. 1-27. 
Cardwell, R.K., !sacks, B.L. and Karig, D.E. 1980. The spatial distribution of earthquakes, focal 
mechanism solutions and subducted lithosphere in the Philippine and northeastern 
Indonesian islands. In: D.E. Hayes (ed.), The Tectonic and Geologic Evolution of South-
east Asian Seas and Islands. American Geophysical Union Monograph, 23, pp 1-35. 
Cline, J.S. and Bodnar, R.J. 1991. Can economic porphyry copper mineralisation be generated by 
a typical calc-alkaline melt? Journal of Geophysical Research, 96 (B5), pp. 8113-8126. 
Giggenbach, W.F. 1992. Magma degassing and mineral deposition in hydrothermal systems 
along convergent plate boundaries. Economic Geology, 87, pp. 1927-1944. 
18 
Chapter 1 Introduction 
Heald, P., Foley, N.K. and Hayba, D.O. 1987. Comparative anatomy of volcanic-hosted 
epithermal deposits: Acid-sulphate and adularia-sericite types. Economic Geology, 82, pp. 
1-26. 
Hedenquist, J.W. 1987. Mineralisation associated with volcanic-related hydrothermal systems in 
the circum-Pacific basin. In: Hom, M.K. (ed.) Transactions of the Fourth Circum-Pacific 
Energy And Mineral Resources Conference, August 1986, Singapore. American 
Association of Petroleum Geologists, Tulsa, Oklahoma, pp. 513-524. 
Hedenquist, J.W., Matsuhisa, Y., Izawa, E., White, N.C., Giggenbach, W.F. and Aoki, M. 1994. 
Geology and geochemistry of high-sulphidation Cu-Au mineralisation in the Nansatsu 
district, Japan. Economic Geology, 89, pp. 1-30. 
Lang, J.R. and Titley, S.R. 1998. Isotopic and geochemical characteristics of Laramide magmatic 
systems in Arizona and implications for the genesis of porphyry copper deposits. 
Economic Geology, 93, pp. 13 8-170. 
Losada-Calderon, A. and Bloom, M.S. 1990. Geology, paragenesis and fluid inclusion studies of 
a high sulphidation epithermal/porphyry system, Nevados del Famatina district, La Rioja 
province, Argentina. Pacific Rim Congress 90, pp. 457-464. 
Marsh, T.M., Einaudi, M.T. and Mc Williams, M. 1997. 40Ar/39Ar geochronology of Cu-Au and 
Au-Ag mineralisation in the Potrerillos district, Chile. Economic Geology, 92, pp. 784-
806. 
Mitchell, A.H.G. and Leach, T.M. 1991. Epithermal gold in the Philippines: Island arc 
metallogenesis, geothermal systems and geology. Academic Press Geology Series. 
Muyco, J.D. and De Vera, B.M. 1995. New policy direction for the Philippines. In: AJM 
Asia/Pacific Mining Yearbook. pp. 112-118. 
Pubellier, M., Quebral, R., Deffontaines, R. and Rangin, C. 1993. Neotectonic map of Mindanao 
island, Philippines. Explanatory Note. 
Ranneft, T.S.M., Hopkins, R.M.J., Froelich, A.J. and Gwinn, J.W. 1960. Reconnaissance 
geology and oil possibilities of Mindanao. American Association of Petroleum Geologists 
Bulletin, 4, pp. 529-568. 
Rye, R.O. 1993. The evolution of magmatic fluids in the epithermal environment: The stable 
isotope perspective. Economic Geology, 88, pp. 733-753. 
Sillitoe, R.H. 1973. The tops and bottoms of porphyry copper deposits. Economic Geology, 68, 
pp. 799-815. 
Sillitoe, R.H. 1983. Enargite-bearing massive sulfide deposits high in porphyry copper systems. 
Economic Geology, 78, pp. 348-352. 
Sillitoe, R.H. 1989. Gold deposits in the western Pacific island arcs: The magmatic connection. 
Economic Geology Monograph, 6, pp. 274-291. 
Sillitoe, R.H. 1991. Gold metallogeny of Chile - an introduction. Economic Geology, 86, pp. 
1187-1205. 
19 
Chapter 1 Introduction 
Stroffregen, R.E. 1987. Genesis of acid-sulphate alteration and Au-Cu-Ag mineralisation at 
Summitville, Colorado. Economic Geology, 82, pp. 1575-1591. 
Steven, T.A. and Ratte, J.C. 1960. Geology and ore deposits of the Summitville district, San Juan 
Mountains, Colorado. US. Geological Survey Professional Paper 343. 
Titley, S.R. and Beane, R.E. 1981. Porphyry copper deposits - Part 1. Geologic settings, 
petrology and tectogenesis. Economic Geology - 75th Anniversary Volume, pp 216-269. 
White, N.C. 1991. High sulphidation epithermal gold deposits: Characteristics, and a model for 
their origin. Geological Survey of Japan Report 227, pp. 9-20. 

21 
Chapter 2 Late Cenozoic Tectonic Evolution of Mindanao and the Southern Philippines 
CHAPTER2 
LATE CENOZOIC TECTONIC EVOLUTION OF MINDANAO AND 
THE SOUTHERN PHILIPPINES 
2.1 INTRODUCTION 
The evolution of magmatism toward metallogenic fertility in the Tampakan district is 
intimately related to tectonic processes and structural events that developed during 
collision of the southern and northern Mindanao terranes along a strike-slip plate 
boundary between the Eurasian Plate and the Philippine Sea Plate. Exploration discovery 
of magmatic-related, porphyry and epithermal Cu-Au deposits in convergent plate 
boundary settings may be assisted by a detailed understanding of the regional-scale 
tectono-structural controls on the location of "metallogenically fertile" volcanic centres, 
and an understanding of the temporal evolution of magmatism and its covariation with the 
evolving tectonic setting. From a broad geodynamic perspective, genetic and exploration 
models for magmatic-related Cu-Au mineral deposits can be improved by understanding 
these first-order controls on "fertile" arc magmatism. The regional plate-scale stress-field 
history may provide a framework for comprehensive analysis and prediction of 
favourable mineralisation locations at the arc- and district-scale. The properties of the 
stress-field framework, and its role in the siting and development of the Tampakan 
magmatic hydrothermal centre, can only be appreciated by stepping back and analysing 
the tectonic plate history in a "piece-wise" process, and incorp?rating the regional-scale 
plate motions and interactions with local-scale geology and magmatism within the 
southern Philippines. 
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This chapter will review and synthesise the literature relating to the tectonic evolution 
of the southern Philippines, and in particular, Mindanao, to provide a coherent tectonic 
and structural framework within which to dovetail district geology plus geochronological, 
petrochemical and crustal stress studies presented in Chapters 3 to 7. Significant tectonic 
events, such as convergent plate margin interaction and re-organisation, within southeast 
Asia during the Cenozoic are related to local structural and magmatic elements within 
southern Mindanao. Several minor re-interpretations and modifications of existing 
tectonic models are postulated and presented (sections in italics) to better explain some 
aspects of tectonic processes in Mindanao. 
The tectonic history of southeast Asia is one of the most complex on the earth. The 
region lies at the confluence of three major tectonic plates which have had prolonged 
convergent interaction over the past 50 Myr. These plates are the Eurasian Plate 
(continental crust), the Pacific and Philippine Sea Plates (oceanic crust) and the Indian-
Australian Plate (oceanic and continental crust) (Figure 2.1 ). Within the Philippines, this 
interaction has produced a complexly evolving terrain exhibiting multiple episodes of 
subduction, subduction polarity reversal, island arc generation, rifting, marginal back-arc 
basin opening and closure, terrane accretion, ophiolite obduction, plus terrane dissection 
and juxtaposition by strike-slip tectonics. Many of these processes occurred within a 
region where the magnitude and orientation of stress regimes fluctuated in response to 
plate interaction. It is this geological complexity that has challenged recent workers to 
understand tectonic processes in this dynamic and transient portion of the earth's crust. 
Substantial inroads into unravelling this complexity have been made by workers over 
the past three decades, with the aid of several datasets. These include regional 
compilations of seismic depth/location and displacement solutions for earthquakes (Seno 
and Kurita, 1978; Acharya and Aggarwal, 1980; Cardwell et al. 1980; McCaffrey, 1982); 
sea-floor palaeo-magnetic data within the Philippine Sea Plate and marginal basins to 
constrain plate motions (Ocean Drilling Program - ODP & Deep Sea Drilling Project -
DSDP); and on a local scale, the MODEC cruise in the Molucca Sea, which involved 
swathe mapping, gravity and single-channel seismic surveys (Rangin et al. 1996; 
Lallemand et al. 1998), and GPS geodetic constraints on deformation within and between 
24 
Chapter 2 Late Cenozoic Tectonic Evolution of Mindanao and the Southern Philippines 
plates. There are three episodes of work that have been instrumental in furthering the 
understanding of tectonism in southeast Asia: 
a) The U.S. Geological Survey (W.Hamilton, 1979) 
The USGS Professional Paper 1078 (Tectonics of the Indonesian Region) was written in 
cooperation between the Geological Survey of Indonesia, the Australian BMR and the 
Lamont-Doherty Geological Observatory of Columbia University. This work was the first 
major detailed compilation of the tectonic framework of central Southeast Asia. 
b) The SE Asia Research Group (R.Hall, 1996 - University of London) 
Research by Robert Hall and co-workers has generated the most recent and succinct 
synthesis of southeast Asian tectonic evolution over the past 50 Myr. This work was 
partly constrained by earlier tectonic models generated by Rangin et al. (1990), Daly et 
al. (1991) and Lee and Lawver (1994). 
c) The RP-France Project 
A five year cooperative research project was conducted by the Mines and Geosciences 
Bureau of the Philippines and the Universite Pierre et Marie Curie in Paris. This project 
studied the local effects of collision between the Eurasian Plate and the Philippine Sea 
Plate. It also investigated the collision and suturing of Eurasian continental micro-
fragments onto the leading edge of the Philippine Sea Plate in the southern Philippines 
(Pubellier et al. 1991; Pubellier et al. 1996; Rangin et al. 1996), prior to establishment of 
the Philippine Trench that isolated the western margin of the plate as the Philippine 
Mobile Belt. 
Several of many contributions to understanding the tectonics of the southern 
Philippines have been made by Aurelio et al. (1991), Barrier et al. (1991), Bellon and 
Rangin (1991 ), Fitch (1972), Hall et al. (1995), Moore et al. (1981 ), Nichols and Hall 
(1995), Pubellier et al. (1990), Pubellier et al. (1999), Quebral et al. (1996), Rangin 
(1991), Rangin and Silver (1991), Rangin et al. (1995, 1999), Silver and Rangin (1991) 
and Silver and Moore (1978). 
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2.2 GEOLOGICAL SUMMARY OF THE PHILIPPINE ARCHIPELAGO 
The current landmass distribution of the Philippine archipelago represents a transient 
stage in the prolonged congregation and interaction of a geographically diverse set of 
volcanic island arcs and continental fragments. The archipelago is the site of recent small-
scale collisions between the Philippine Sea Plate (PSP), which contained an assemblage 
of older extinct early Cenozoic arc systems, and the southeast margin of the Eurasian 
Plate that comprised several continental crustal fragments that were rifted away from the 
Eurasian Plate and separated by marginal basins. The principal tectonic element of the 
Philippine archipelago is the elongate Philippine Mobile Belt (PMB - Rangin, 1991) that 
is bounded to the east and west by two major subduction systems, and is bisected along 
its north-south axis by the medial, 2000-km-long, sinistral Philippine Fault (Figure 2.2). 
The entire western seaboard of the Philippines, extending from Taiwan through 
Zambales, Mindoro, Palawan, western Panay, southern Mindanao (Zamboanga plus 
Sarangani Peninsulas and the Daguma Range) and the Molucca Sea, represents collision 
zones of variable intensity, induced by convergent interaction between the Eurasian Plate 
and the Philippine Sea Plate along the complex, multi-strand boundary zone comprising 
the PMB (Pubellier et al. 1991 ). Rifted continental fragments of the Eurasian margin in 
the western half of the PMB (i.e., Palawan Block - Taylor and Hayes, 1980; Mindoro, 
western Panay, Zamboanga Peninsula and Daguma Range of southern Mindanao -
Rangin, 1991; Hall, 1996) are now sutured to the basement of the eastern half of the 
PMB via sutured collisional terranes. This eastern basement (light green on Figure 2.2) 
comprises volcanic arcs of Oligocene age (Rangin et al. 1996). 
The fragments of rifted continental crust that are derived from the Eurasian Plate are 
separated by marginal basins that are floored by oceanic crust of the South China Sea, 
Sulu Sea and Celebes Sea. The continental fragments on the subducting 
Eurasian/Sundaland Plate indent the western trenches, defining segments distinguished as 
the Manila, Negros and Cotabato trenches. Thick oceanic crust of the Benham plateau 
plays the same indentor role east of Luzon. The Philippine Sea Plate is subducting 
northwestward as a coherent and continuous slab. The long period of episodic convergent 
interaction between these two tectonic plates, and the collage of intervening crustal 
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fragments, have given the Philippines a long history of initiation of new subduction 
systems. Quaternary volcanic arcs that are associated with presently active trenches 
extensively overprint Miocene, Oligocene and Cretaceous volcanic arcs. 
2.3 MAJOR TECTONOMORPHIC ELEMENTS OF SOUTHEAST ASIA 
The southeast Asian region encompasses the confluence of three major tectonic plates. 
The region is bounded to the north and west by the Eurasian Plate, and is bounded to the 
south by the Indian-Australian Plate (IAP). The relative motions of these plates are well 
constrained, and their margins provide a frame within which the collage of micro-plates 
in southeast Asia can be moved in tectonic plate reconstructions. The eastern margin of 
this region is defined by the Philippine Sea Plate (PSP), and historically there has been 
significant uncertainty in its movement history relative to the surrounding large plates, 
due to the PSP being bounded by subduction zones, due to ambiguity in the exact 
position of the southeastern margin of the Eurasian Plate (Hall, 1996) and how far 
westward into it the internal deformation of Eurasia extends. [i.e. various GPS studies 
define an AMUR (North China) "Plate" and a Sunda "Plate" moving with respect to a 
"fixed" central Asia]. 
Hall (1996) provides the most recent, succinct and up-to-date account of the large-scale 
tectonic evolution of southeast Asia over the past 50 Myr. The reconstructions of Hall 
(1996) incorporated, and were constrained by, recent palaeo-magnetic data from the PSP, 
in addition to the known geology and palaeo-magnetic data from the southeast Asia 
region, and the ongoing collision of the Indian-Australian Plate to the south (Hall, 1996) 
with the southeast Eurasian margin (Sundaland). The broad framework for the tectonic 
synthesis below was compiled from Hall (1996), and draws from additional work by 
Lallemand et al. (1998), Pubellier et al. (1991), Pubellier et al. (1996), Rangin (1991), 
Rangin et al. (1995), Rangin et al. (1996), and Silver and Moore (1978). I have made 
local modifications to the tectonic models, and incorporated these into detailed diagrams 
for the period from 1 7 Ma onward to more accurately portray interpreted local-scale 
tectonic events in Mindanao, together with justification for the model I prefer. Existing 
models are reviewed in the context of the unusual Molucca Sea Plate (MSP) geometry 
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beneath northern and southern Mindanao. An amended model is presented in §2.4.6 
wherein a triangular segment of the northern end of the Sangihe arc was sheared off the 
Eurasian Plate along a linking Cotabato Fault structure, and tectonically incorporated into 
the Philippine Mobile Belt ahead of the WNW-migrating Visayan segments (including 
northeast Mindanao) of the Oligocene Philippine Arc system at the northern termination 
of the Sangihe Trench. 
There were two periods of significant change in plate movement and nature of plate 
interaction within the southeast Asia region during the Tertiary period. Both of these 
plate reorganisation events were the result of arc-continent collision, which had major 
effects on plate geometry and the nature of interacting plate margins (Hall, 1996). The 
first of these occurred at the Oligocene-Miocene boundary (25 Ma) when the northward-
migrating Australian continent collided against the Philippine Sea Plate (Figure 2.3). It is 
this 25 Ma continent-arc collision that led to development of the Molucca Sea Plate as a 
tectonic entity (as IAP crust was transferred to the northerly plate), its eventual complex 
subduction geometry beneath Mindanao, and which ultimately led to its association with 
Miocene-Pliocene-age syn-collisional magmatism in the Tampakan district. For this 
reason, the detailed review of the tectonic framework in §2.4 begins at this major tectonic 
event. More recently at the Miocene-Pliocene transition (6-4 Ma), the Philippine Arc 
systems on the Philippine Sea Plate began to collide with the Eurasian continental margin 
in Taiwan. This collision subsequently migrated southward and affected the central and 
southern Philippines, including Mindanao. These regionally important continent-arc 
collisions are discussed in §2.4 below, together with a preferred model for the 
development of the collision suture in Mindanao. 
2.4 TECTONIC EVOLUTION OF SOUTHEAST ASIA SINCE 25 Ma 
2.4.1 Early Cenozoic Tectonic Setting 
The early Cenozoic tectonic plate geometry of southeast Asia between 50 Ma and 25 
Ma comprised three principal elements. Firstly, the Indian-Australian Plate was 
subducting to the north beneath both the Eurasian Plate and the Philippine Sea Plate, and 
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formed an extensive WNW-ESE-oriented arc along the southern edge of the Philippine 
Sea Plate (Hall, 1996). This early "Philippine Arc" system (Figure 2.3a) comprised 
Eocene and/or Oligiocene volcanic sequences that extended from Sulawesi's north arm, 
eastward to the Eocene-Oligocene arcs of the central Visayas (Panay-Negros-Cebu-north 
Mindanao), and then farther east to arc sequences on Halmahera along the southern edge 
of the Philippine Sea Plate (Hall, 1996). Secondly, the Makassar Strait (Figure 2.3a), 
Celebes Sea and the West Philippine Sea opened along a single ENE-trending spreading 
centre within the Philippine Sea Plate. This seafloor spreading was postulated by Hall 
(1996) to reflect back-arc extension associated with northward subduction of the Indian-
Australian Plate. Thirdly, the proto-South China Sea on the eastern margin of the 
Eurasian Plate was being consumed at the Palawan Trench (Rangin, 1991), while re-
initiation of spreading in the South China Sea basin north of the proto-South China Sea 
acted to separate Taiwan from the southerly sliver of continental crust that is the Palawan 
Block and southern Mindoro (Figure 2.3a). 
2.4.2 25-20 Ma: The Indian-Australian and Philippine Sea Plate Collision 
At 25 Ma the first of two major continent-arc collisions instigated new plate 
boundaries, subduction zones and wrench fault systems (Figures 2.3a and 2.3b). The 
Australian continental margin in New Guinea, and the Birds Head micro-continental 
block near Sulawesi, migrated northward and collided with the extensive, east-west 
oriented Eocene-Oligocene Philippine arc systems on the southern margin of the PSP 
(Figures 2.3a and 2.3b ). The resultant changes in plate motions and plate boundaries due 
to this continent-arc collision were: 
a) Re-instigation of clockwise rotation of the PSP, which had been relatively 
stationary from 40-25 Ma. The PSP rotated approximately 35° clockwise between 
25-5 Ma (Hall, 1996). Clockwise rotation of the PSP progressively rotated and 
translated the early Cenozoic Philippine arc segments northwestward, from their 
location near the current position of New Guinea, towards their present 
geographic location. 
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Figure 2.3a/b Tectonic reconstruction of southeast Asia at 30 Ma and 20 Ma (adapted from 
Hall, 1996). Segments of Mindanao prior to terrane amalgamation are shown in red. The 
remainder of the Philippines is shown in yellow. Light lines in ocean basins are magnetic 
lineation trends. The grey shaded area is presently flooded continental crust. PSP = Philippine 
Sea Plate. The red box defines the extent of the Early Philippine arc systems. The black box 
defines the area expanded in Figures 2.4 to 2.9. The light blue area defines the Molucca Sea 
Plate that formed the northern part of the IAP at 30 Ma, but was then incorporated into the PSP 
by 20 Ma as northward subduction ceased and the Sorong Fault system was established to the 
south. 
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Rotation of the PSP dislocated the West Philippine Basin from the Celebes Sea 
Basin (Hall, 1996), and translated the former farther to the north toward its 
present position east of Luzon. 
b) The northern Australian-PSP convergence zone was transformed from a 
subducting plate margin to a left-lateral strike-slip transform margin by renewed 
clockwise rotation of the PSP. The strike-slip fault system that accommodated this 
wrenching was the Sorong Fault Zone. It extended along the northern margin of 
New Guinea, with strands into central and southern Sulawesi (Figure 2.3b). 
c) The Sorong Fault Zone isolated and entrapped a segment of the Indian Ocean 
crust north of the Birds Head micro-continental block (Hall, 1996). This block of 
Indian Ocean crust became the Molucca Sea Plate, and was tectonically 
incorporated onto the southern portion of the PSP as a result of cessation of the 
long-lived subduction along the southern margin of the WNW-ESE-oriented 
Philippine Arc. In essence, the plate boundary jumped southward, and switched 
from a convergent subduction boundary to a strike-slip wrench boundary. 
d) The renewed clockwise rotation of the PSP at 25 Ma initiated the Sangihe 
subduction system along the western margin of the PSP. By 20 Ma, the southwest 
edge of the PSP, which comprised the segment of trapped Indian Ocean crust, 
began to subduct westward at the Sangihe Trench (Figure 2.3b) beneath north 
Sulawesi and the Celebes Sea. This subduction zone generated volcanism along 
the Sangihe Volcanic Arc between 15 Ma and 5 Ma in southern Mindanao. 
e) The Sunda Plate (including Sumatra, Borneo, Java and northwest Sulawesi) began 
to rotate anti-clockwise at 20 Ma, and progressively rotated Java into its current 
east-west orientation (Hall, 1996). 
The openmg of the South China Sea (SCS) spreading centre, with southward 
consumption of proto-SCS oceanic crust by subduction beneath the early Miocene 
Cagayan Ridge-Sulu Arc system (Rangin, 1991 ), resulted in southeastward migration of 
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continental slivers (Reed Bank and Palawan Block) from mainland China towards their 
present positions. 
The reconstructions of Hall (1996) indicate that at 20 Ma, the proto-Cotabato Fault 
Zone propagated along the northern edge of the Zamboanga Peninsula as a major sinistral 
strike-slip fault zone that partly accommodated the clockwise rotation of the PSP (Figure 
2.3b ). The Cotabato Fault became a major transfer zone along which southern Mindanao 
(Zamboanga Peninsula, Daguma Range and the Sarangani Peninsula) of continental 
Eurasian plate origin (Rangin, 1991) was translated southeastward to ultimately dock 
with the northern half of Mindanao at the Miocene-Pliocene transition (Rangin 1991; 
Pubellier et al. 1991; Hall 1996). The trace of the Cotabato Fault at 20 Ma is apparently 
co-linear with the Red River Fault between Indochina and South China (Figure 2.3b ). The 
Red River Fault has been interpreted as one of the major structures along which 
Indochina was extruded from the central Asia block between 35 Ma and 22 Ma (Scharer 
et al. 1994) by the northward indentation of India. The initial point of contact between 
India and Eurasia occurred at ~45-50 Ma, with collision progressing through to the 
present day. The reconstruction by Hall (1996) at 20 Ma (Figure 2.3b) suggests that the 
proto-Cotabato Fault Zone may represent the southeast propagating tip of the Red River 
Fault Zone, after the extrusion of Indochina had significantly advanced to the southeast 
(J.Hronsky, pers comm.). 
The Sulu Sea opened during the early Miocene as a back-arc basin related to 
southeastward subduction of the proto-South China Sea at the Palawan Trench (Rangin 
and Silver, 1991), and longitudinally split the Cagayan-Sulu arc system (Sajona et al. 
1993; Hall, 1996). Thus back-arc spreading in the Sulu Basin progressively longitudinally 
split the Cagayan Ridge from its conjugate half, the equivalent early Miocene Sulu Arc. 
The latter remained a volcanically active arc whereas the former became an extinct 
aseismic ridge. 
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2.4.3 17 Ma: Upper Early Miocene 
During this period, northern Mindanao and adjacent Philippine arc fragments of 
Eocene-Oligocene age lay southeast of southern Mindanao, and were migrating to the 
northwest by a clockwise rotation of the PSP, westward subduction at the Sangihe Trench 
and sinistral displacement along the proto-Cotabato Fault (Figure 2.4). Volcanism has 
been dated at 16.7 Ma (Pubellier et al. 1993) and 17-18 Ma (Sajona 1994) in the Daguma 
Range of southern Mindanao, and may represent some of the earliest volcanism from the 
Sangihe subduction zone. The Daguma Range lies near the northern end of the Sangihe 
Arc. Because ~920 km of oceanic crust had been subducted at the Sangihe Trench 
(Jarrard, 1986) between 20 Ma and 3 Ma, an average east-west subduction velocity of 
54 km/Myr is required. If the Sangihe Trench was initiated at 20 Ma (Hall, 1996), then 
~ 162 km of Molucca Sea oceanic crust was subducted by 1 7 Ma, allowing some of the 
earliest magmatic products of the Sangihe subduction zone to erupt in the Daguma 
Range. Sedimentation within the Cotabato Basin at this time comprised early Miocene 
marine limestone, sands and marls (Ranneft et al. 1960), deepening to bathyal deposition 
of fine-grained elastic sediments. Thus the Daguma Range was an isolated island arc 
segment, and the early Miocene Cotabato Basin was probably a fore-arc basin situated 
between the Daguma Range arc segment and the Sangihe Trench. Coeval elastic 
sedimentation occurred in the Agusan-Davao Trough between the Central Cordillera and 
Pacific Cordillera segments of the Philippine Arc, which at this time lay 700-1000 km to 
the southeast (Figure 2.4). 
Near the end of the early Miocene (~16-18 Ma) the Palawan Block (rifted continental 
sliver) and Reed Bank (thickened oceanic crust) approached the Palawan Trench and the 
Cagayan Volcanic Ridge by southeastward subduction of the proto-South China Sea. 
Around 15 Ma, this buoyant section of the seafloor jammed the Palawan Trench (Figure 
2.5). Subduction of the proto-South China Sea ocean floor ceased, and consequently 
subduction jumped farther to the southeast, where the young and relatively hot Sulu Sea 
Basin started subducting beneath the Sulu Arc between 15 Ma and 10 Ma (Rangin and 
Silver, 1991). 
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2.4.4 15 Ma: Lower Middle Miocene 
East-directed subduction of trapped Indian Ocean crust (MSP) at the southern edge of 
the PSP was initiated beneath the Halmahera islands. Hall (1996) suggests that the arrival 
of the Palawan Block at the Palawan Trench and collision with the Cagayan Ridge, and/or 
the approach of the Panay sector of the Philippine Arc at the western subduction zone 
(Sangihe ), may have generated the compressive force needed to initiate the new east-
dipping subduction zone beneath the Halmahera islands, for the same reason that Rangin 
and Silver (1991) and Rangin et al. (1995) proposed that the collision initiated new 
subduction beneath the Sulu Arc. The Halmahera islands were being isolated from the 
remainder of the Philippine Arc to the north by propagation of the Cotabato sinistral 
transfer structure, which acted as a local strike-slip margin between the Eurasian Plate 
and the PSP, and became a newly established wrench boundary between the PSP and the 
Molucca Sea Plate. The trapped Indian Ocean crust (Molucca Sea Plate) was actively 
subducting both eastward and westward at 15 Ma, and by 10 Ma was bounded by sinistral 
strike-slip systems to the north (Cotabato Fault Zone) and south (Sorong Fault Zone) 
(Hall, 1996). 
2.4.5 10 Ma: The Molucca Sea Double Subduction System (15-5 Ma) 
By the late Miocene (10 Ma), the configuration of the landmass in the southeast Asia 
region began to resemble the present-day configuration. Rotation of Sundaland had 
moved Sumatra and Java close to their current orientation. The PSP was still rotating 
clockwise, and progressively narrowed the Molucca Sea by subducting the old, cold and 
dense portion of isolated Indian Ocean crust under younger, warmer PSP oceanic crust 
and buoyant arc products (Halmahera) in the east, and under buoyant continental crust of 
the Eurasian Plate to the west. The Molucca Sea Plate was still relatively strongly 
coupled to the western margin of the PSP, as both "may" have been subducting 
coherently into the Sangihe Trench (Figure 2.6). Consequently, continuing clockwise 
rotation of the PSP and the oblique convergence of the MSP (-300°) may have 
transported an inferred southeastern segment of the Cotabato Fault northward toward 
closer alignment with the northwestern segment of the transfer zone (Figure 2. 6). 
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Consumption of the Sulu back-arc basin along the Sulu Trench generated late Miocene 
volcanism along the Zamboanga Peninsula. Renewed magmatism from subduction into 
the Sangihe Trench produced volcanism along the Sarangani Peninsula. This magmatic 
activity spans at least 7.7-12.89 Ma (Pubellier et al. 1993; Sajona et al. 1994). The 
apparent trench-ward retreat of arc volcanism from the Daguma Range to the Sarangani 
Peninsula may be explained by either slab gravitational sagging and steepening (~650 km 
of Molucca Sea crust was subducted by 10 Ma: Figure 2.6, sect d-d'), and/or by Sangihe 
Trench roll-back. The non-alignment of the Daguma Range and the Sarangani Peninsula 
arc segments possibly developed because of anti-clockwise rotation of the Daguma arc 
segment. The Daguma Range was built on the margin of the Sunda Block, so the motion 
of the Daguma Range was a combination of southeast-directed movement due to 
extrusion of the Sunda Block, coupled with anti-clockwise rotation. Marine elastic 
sedimentation continued in many of the inter-arc, fore-arc and back-arc basins throughout 
the late Miocene, including the Agusan-Davao Trough, the Ilo-Ilo Basin, and the 
Cotabato Basin that lay between the Daguma Range and Sarangani Peninsula. 
The western edge of the PSP was subducting at the Sangihe Trench, and carrying 
trenchward the buoyant, arc-thickened crust of the Panay, Negros, Cebu and northern 
Mindanao segments of the Eocene-Oligocene-age Philippine Arc. Their arrival at the 
northern segment of the Sangihe Trench (north of the Cotabato Transfer Fault) stalled 
subduction there. The Sorong Fault Zone was still active along the southern margin of 
the Molucca Sea, and at 11 Ma, the Buton continental fragment and the Tukang-Besi 
platform were being sutured onto Sulawesi. At 10 Ma the Sula Platform was detached 
from the Birds Head micro-continent and subsequently accreted to east Sulawesi at 5 Ma 
(Hall, 1996). Volcanism in the Halmahera islands was well established, and the Molucca 
Sea ( 400-450 km wide at 10 Ma) continued to close by double subduction into the 
Sangihe and Halmahera Trenches. 
2.4.6 7 Ma: Late Miocene 
A new phase of convergent interaction between the PSP and the Eurasian margin began 
at~ 7 Ma and culminated between 5 Ma and 3 Ma. Its manifestations were: 
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a) Within the southern Philippine region, southward subduction of the Sulu back-arc 
· basin carried the Cagayan Ridge to the Sulu Trench and began to jam it. 
b) The northern section of the Sangihe Trench was deactivated by being jammed with 
the southern Philippine Arc fragments which were led by Panay as the westernmost 
arc segment (Figure 2.7). Thus continued convergence between the PSP and the 
Eurasian Plate in this region was accommodated by propagation of a linking strike-
slip structure that joined the two former segments of the Cotabato transfer system. 
This local modification of Hall (1996) 's regional-scale model is kinematically the 
most likely scenario and would have two important consequences. Firstly, a 
triangular block from the Eurasian Plate (continental crust), together with the 
northern jammed portion of the Sangihe Trench, would be "shaved-off" and 
translated northwestward ahead of the Panay arc fragment, along the now 
contiguous (albeit kinked) Cotabato strike-slip system. Secondly, a segment of the 
subducted MSP was left hanging in the mantle beneath the jammed trench, while 
remaining attached to the subducting Molucca Sea Plate to the south. 
The kinked Cotabato Fault geometry at 7 Ma (Figure 2.7), required to permit a 
westward-only dipping segment of the Molucca-PSP plate to exist beneath northern 
Mindanao, is broadly consistent with the model of Hall (1996) and indicates that the 
converging northern and southern portions of Mindanao lay in a major transpressive jog 
in the now linked Cotabato Fault. The Valderrama Volcanic Unit in western Panay 
(Rangin, 1991) comprises a calc-alkaline sequence of volcanic rocks that were over-thrust 
by the Oligocene Ilo-Ilo arc segment of the Philippine Arc section on Panay. The 
Valderrama Unit has been radiometrically dated at 14-10 Ma (Bellon and Rangin, 1991), 
which post-dates the Cagayan Ridge volcanism, leading Rangin (1991) to interpret that it 
was originally part of the middle Miocene Sulu Arc that was thrust northwards onto the 
Cagayan Ridge during the approach of the Cagayan Ridge to the Sulu Trench, prior to its 
collision with Panay. A variation on this model which is offered as Figure 2. 7, wherein 
the triangular segment of the Eurasian Plate that was detached by the linkage of the 
Cotabato Transfer Fault, and which lay immediately west or northwest of Panay, also 
contained a detached.fragment of the Sulu Arc (b). Alternatively it may have contained a 
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Figure 2.7 Tectonic reconstruction of the southern Philippine region at 7 Ma. 
40 
41 
Chapter 2 Late Cenozoic Tectonic Evolution of Mindanao and the Southern Philippines 
possible northern extension of the Sangihe Arc on the Sarangani Peninsula that is dated 
at the younger end of the 14-10 Ma range of the Valderrama Unit in western Panay. 
During the late Miocene, the Sulu or Sangihe Arc fragment on the leading edge of the 
triangular crustal wedge, was accreted to the northern portion of the Cagayan Ridge. 
Further compression allowed the Eocene Philippine Arc fragment of eastern Panay, 
which lay to the east, to accrete onto the combined Cagayan Ridge and Sulu/Sangihe Arc 
fragment via thrusting (e.g., the Pampanan thrust fault). The geometry shown in Figure 
2.7 suggests that the Pacific Cordillera, Snellius Plateau and the Oligocene-Eocene 
Halmahera arc are still part of the same arc system (Pubellier et al. 1999), with 
progressive segmentation of this arc by fault slicing as it approached southeastward-
propagating strands of the Cotabato Fault Zone. 
2.4. 7 5 Ma: Miocene-Pliocene Boundary 
During the late Miocene (6 Ma), Taiwan, formerly on the leading margm of the 
Eurasian Plate, collided with the northernmost portions of the Philippine Arc. This 
collision of the Eurasian Plate and PSP propagated southward to the Mindoro-Panay 
collision zone and then the Mindanao collision zone (Pubellier et al. 1991, 1996). 
After 6-7 Ma, the southern portion of Mindanao (Sarangani and Zamboanga Peninsulas 
and the Daguma Range) was moving southeastward (relative to northern Mindanao) 
along a single major transfer structure (Cotabato Fault Zone) that separated basement of 
Eurasian ancestry in the south, from basement of oceanic Philippine Sea Plate affinity in 
the north. That motion eventually allowed continental crust of southern Mindanao to dock 
with arc-thickened oceanic crust of the PSP that is now northern Mindanao. Translation 
of eastern Panay northwestward along the Cotabato transfer structure brought it into 
collision with the Cagayan Ridge, and allowed Panay to capture the Mt Baloy Volcanics 
onto which the Valderrama Unit in western Panay was thrust (Rangin, 1991). The 5-3 Ma 
period was a dynamic one in the southern Philippines. First contact between the leading 
edges of southern and northern Mindanao was made during the onset of collision and 
terrane assembly in Mindanao. The 5 Ma date marks the commencement of a prolonged, 
and presently continuing, period of compression throughout southeast Mindanao. 
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Compressional structures related to this oblique collision include northwest-trending 
sinistral strike-slip faults which define pressure ridges and horst blocks parallel to and 
along the Cotabato transfer fault, widespread thrust faults which are east-verging in the 
southern Mindanao terrane and west-verging in the northern Mindanao terrane (Quebral 
et al. 1996; Domingo et al. 1995), thrust-related ramp anticlines which also display this 
dual vergence, and widespread regional folding. Compression during the 5-3 Ma period 
in southeastern Mindanao was compounded by final closure of the northern Molucca Sea. 
The over-riding Eurasian Plate and Philippine Sea plates, with their respective arcs 
(Sangihe and Halmahera arc), came into frontal collision during this period, with 
collision reaching completion to the south of the Pujada Peninsula (southeast Mindanao) 
during the Pliocene-Pleistocene. Segments of the Halmahera arc, dislocated by strike-slip 
faulting, were partly underthrust beneath the Sangihe Trench during this collision 
(Lallemand et al. 1998; Pubellier et al. 1999). 
The Philippine Trench was initiated along the eastern margin of Mindanao soon after 5 
Ma as compressional stress accumulated within Mindanao. Lallemand et al. (1998) 
suggest that the Philippine Trench was initiated soon after a segment of the Halmahera 
arc (southern Pacific Cordillera) accreted onto east Mindanao between 5 Ma and 4 Ma. 
Hence subduction at the Philippine Trench east of Mindanao is taken to start at around 4 
Ma. During this compressional period, the Philippine Fault was also initiated as a major 
sinistral strike-slip fault (possibly along a pre-existing structural zone) within the 
Philippine Mobile Belt, and is shown by various workers (Aurelio et al. 1991; Barrier et 
al. 1991) to be a young wrench-fault system that developed during the Pliocene (2-4 Ma). 
It is interpreted to accommodate much of the oblique component of convergence between 
the PSP and the PMB. 
2.4.8 3 Ma: Middle Pliocene 
The tangential convergence and suturing of the northeast and southwest terranes of 
Mindanao along the Cotabato Fault was well advanced by the middle Pliocene. 
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Figure 2.9 Tectonic reconstruction of the Mindanao region at 3 Ma. 
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Compressional stress was generated faster than it was accommodated by the proto-
Philippine Trench and Philippine Fault Zone, so distributed compressional deformation 
became increasingly focused into a developing subduction thrust zone along the 
southwestern margin of Mindanao, becoming the Cotabato Trench (Figure 2.9). Sinistral 
movement along the Cotabato Transfer Fault Zone was likely to have been significant, 
but possibly waning as additional oblique compressional stress was further relieved by 
subduction at the Cotabato Trench. The 3 Ma period marks a new geodynamic setting for 
the southern Philippines. Portions of the Eurasian Plate crust (Zamboanga Peninsula, 
Daguma Range and Sarangani Peninsula) were tectonically incorporated into the 
Philippine Mobile Belt. Establishment of the Philippine Trench caused the western 
margin of the PSP to step eastward, thereby tectonically isolating the Philippine Mobile 
Belt (PMB) as a crustal "raft" that was trapped between inward-facing subduction zones. 
Stresses within the arc-thickened crust of the PMB are partly released by the sinistral 
Philippine Fault system. Using the seismic data of Acharya and Aggarwal (1980) between 
latitudes 8-11 °N for the subducted Sulu seafloor along the Negros Trench, a subduction 
angle of 55-60° is measured in the east-west plane. Because of the poor control on the dip 
of the Cotabato segment of the subduction zone, this slab inclination angle was used in 
conjunction with the latitude-dependent depth of maximum seismicity presented by Seno 
and Kurita (1978) for the Cotabato Trench, to estimate the present position of the leading 
edge of the subducted Celebes sea crust beneath the Daguma Range in southern Mindano 
(Figure 2.11). Using the model age of 3 Ma for initiation of the Cotabato Trench (Hall, 
1996), the subduction rate at the Cotabato Trench at latitude 7° is 3.2 cm/year. 
2.4.9 2.5 - 0 Ma: Late Pliocene - Holocene 
During the late Pliocene and Pleistocene through to the present, the docking of the two 
terranes in Mindanao was completed. This period is marked by extensive and rapid uplift 
of significant portions of Mindanao. This is attested by the sudden appearance of spores 
and pollen from montane flora within bathyal Pleistocene sediments in the northern 
Celebes Sea (ODP Site 767), after a prolonged dominance of mangrove and lowland taxa 
during the Miocene (Van der Kaars, 1991). This period is also distinctive as extensive 
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and varied volcanism abruptly erupted throughout much of Mindanao (Sajona et al. 
1994). This is recorded by the widespread magmatic products generated by the newly 
formed Philippine and Cotabato subduction zones, by magmatism emanating from above 
a suspended plate subducted at the Sulu Trench during the late Miocene, and by post-
collision volcanism in central and southern Mindanao above the subducted Molucca slab. 
This resurgence of magmatism is also reflected in the post-2.5 Ma tephra record in 
sediments of the northern Celebes Sea (ODP 767: Pubellier et al. 1991a). 
The submergence of the Molucca Sea Plate into the upper mantle, below the over-riding 
and colliding Eurasian and Philippine lithospheric plates is essentially completed in 
southern Mindanao, but arc-arc collision is presently ongoing in the southern Molucca 
Sea. The Sangihe and Halmahera volcanic arcs face each other and are underlain by 
opposite-dipping Benioff zones. The west-dipping portion of the Molucca slab beneath 
the Sangihe Arc and the Celebes Sea can be traced to at least 650 km depth by earthquake 
foci (Seno and Kurita, 1978; Cardwell et al. 1980), whereas the east-dipping portion of 
the doubly subducted A-shaped Molucca slab can only be traced seismically to around 
250 km depth beneath the Halmahera Arc (Hatherton and Dickinson, 1969; Silver and 
Moore, 1978; Hamilton, 1979; Hall, 1996). In the northern portion of the Molucca Sea 
where the opposing arcs have collided, seismic reflection profiling across the Talaud-
Mayu Ridge between the two arcs indicates that this ridge consists of a deformed and 
seismically jumbled terrain interpreted as a tectonic melange developed within the 
accretionary complexes of the two arcs (Silver and Moore, 1978). This collision complex, 
which crops out on Talaud Island (Moore et al. 1981) ~200 km southeast of Sarangani, 
comprises sediments that were scraped off the doubly subducting plate by the converging 
arcs and combined into a tectonic melange. The combined accretionary complexes are 
presently being thrust back over their respective arcs. The eastern portion of the melange 
wedge is being ramped eastward onto the base of the Halmahera Arc (Hamilton, 1979) 
while the western portion is thrust westward over the Sangihe Ridge. The length of the 
two Benioff zones suggests that around 1200 km of the Molucca Sea Plate was subducted 
since 20 Ma. The gross symmetry in bathymetry and arc components about the Molucca 
collision zone (Silver and Moore, 1978; Hamilton, 1979) is strong evidence that neither 
of the advancing plates has yet fully overridden the other, but that the initial stages of 
48 
Chapter 2 Late Cenozoic Tectonic Evolution of Mindanao and the Southern Philippines 
frontal collision have occurred, forcing the Molucca Sea Plate to subside into the upper 
mantle beneath the converging Sangihe and Halmahera arcs. 
2.5 SLAB GEOMETRY UNDER MINDANAO AND COLLISION SUTURE 
MODEL 
2.5.1 Molucca Slab Geometry Beneath Mindanao and the Molucca Sea 
Modem earthquake se1srmc data define the "stalled" Molucca Sea slab beneath 
northern, central and southern Mindanao (Figure 2.11 ), and the recently subducted 
portion of the slab between Mindanao and Sulawesi. The scale-reconstructions of modem 
seismisity in Mindanao and the Molucca Sea (Figure 2.12a-d) show the interpreted 
geometry of slabs, the location of the Tampakan district with respect to the underlying 
Molucca slab, and the lithospheric stacking discussed by Lallemand et al. (1998). Figure 
2.12a presents a 300-350 km wide swathe of seismic data along a WNW-ESE-oriented 
section extending from 6°N to 0°N across the central Molucca Sea. This interpretation of 
Silver and Moore (1978) indicates that the hinge of the A-shaped Molucca Sea Plate is 
firmly attached to the base of the crust between 0°N and 5°N. 
The principal geometric features of the subducted Molucca slab are: 
• It forms a n-shaped slab with a north-south trending hinge near the base of the 
crust between 0°N and 5°N. The hinge lies immediately east of the Sangihe Island 
chain between Mindanao and Sulawesi. 
• The west-dipping limb of the Molucca Slab beneath the Sangihe arc extends to at 
least 700 km depth, whereas the east-dipping limb extends to ~250-300 km depth 
below the Halmahera arc. 
• The hinge dips northward where it is progressively detached from the base of the 
crust at latitudes of 5°N to 7°N in southern-most Mindanao. 
• In central and northern Mindanao, only the western limb of the slab is defined by 
seismic data. The eastern limb appears to be absent in eastern Mindanao. 
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Figure 2.11 Location of seismic sections B-B', C-C' and D-D' in Figures 2.12b-d, depth 
contours on the seismically identified Molucca slab beneath Mindanao, reconstructed present day 
leading edge of the subducted Celebes Sea Plate and Philippine Sea Plate, and the Lanao-
Bukidnon Volcanic Province above the stalled Molucca slab. 
In the Molucca Sea at latitudes of 1°30' N to 5°30' N (Figure 2.12a and in Lallemand et 
al. 1998), the leading edge of the westward-subducting Philippine Sea Plate is impeded at 
depth by the east-dipping arm of the Molucca slab beneath Halmahera and in the region 
immediately southeast of Mindanao. Farther north, between latitudes 4°30' and 7°00'N, 
and along trend toward the Pacific Cordillera in eastern Mindanao, there is significant 
lithospheric stacking that is revealed by intense seismicity extending to ~ 150-200 km 
depth. Lallemand et al. (1998) interpret this data to reflect the Halmahera arc and fore-arc 
being subducted westward into a new strand of the Sangihe Trench. Their model explains 
the increased thickness of the seismically active section by stacking of the Halmahera arc 
and fore-arc beneath the Sangihe fore-arc by under-thrusting at the Sangihe Trench. 
These crustal blocks overlie the remnant Molucca Sea Plate. Their model called for 
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Figure 2.12c and 2.12d. Interpreted slab geometry beneath central Mindanao, assuming the 
MSP is largely absent where it has no seismic image. 
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thrusting of a left-laterally offset northern segment of the Halmahera arc against eastern 
Mindanao at least as far north as 8°N, and potentially farther. To the south, they interpret 
another segment of the Halmahera arc and fore-arc as being under-plated immediately 
southeast of the Pujada Peninsula by current subduction into a new eastern strand of the 
Sangihe Trench. Still farther south again (Figure 2.12a), the Halmahera arc is active east 
of the doubly subducting Molucca Sea Plate. From 6°N northward (Figure 2.12 c/d), the 
east-dipping arm of the Molucca slab is not identifiable in seismic data. It is significant 
that this transition coincides with major WNW-ESE strands of the lithospheric-scale 
Cotabato Fault Zone. 
Seismic data between 7°N and 10°N (Figures 2.12c and 2.12d) north of the Cotabato 
Fault Zone, indicate that the northern extension of the west-dipping arm of the Molucca 
Sea Plate is imaged at 500-650 km depth immediately west of the central Mindanao 
Lanao-Bukidnon Volcanic Field. Depth contours on this northern extension of the west-
dipping Molucca Sea Plate (Figure 2.11, compiled from Cardwell et al. 1980), reveal that 
it extends northward under Bohol and southern Cebu, while the east arm of the Molucca 
slab is not observed at these northern latitudes, and subduction at the Philippine trench is 
apparently unimpeded. The currently subducting Philippine Sea Plate is jammed against 
the Molucca Sea Plate only to the southeast of Mindanao (Figure 2.12a). 
2.5.2 Model of a Collisional Suture in Mindanao 
Several tectonic models have been developed by workers over the past 20 years to 
account for the Miocene-Pliocene collision joining southwest and northeast Mindanao, 
and consequently there have been different proposed localities for the principal 
collisional suture (Figure 2.13). The most likely candidate for a suture is broadly defined 
by the Cotabato Fault Zone (suture 4 in Figure 2.13: Pubellier et al. 1990; Pubellier et al. 
1991; Quebral et al. 1996), which has complex geometries in southeastern Mindanao 
related to accretion of Halmahera arc segments, and subsequent development of the 
Philippine Fault Zone (Lallemand et al. 1998, Pubellier et al. 1999). 
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Any model for the tectonic development of Mindanao since the late Miocene needs to 
adequately account for: 
• The similarity between the stratigraphic successions of the Pacific Cordillera and 
the Central Mindanao Cordillera (Pubellier et al. 1991, Pubellier et al. 1999). 
• The Molucca Sea Plate geometry as outlined above. 
• The structural and sea-floor topographic indicators of geological continuity 
between left-laterally offset segments of the northern Halmahera arc system (viz., 
Snellius Plateau, Rangin et al. 1996; Lallemand et al. 1998; Pubellier et al. 1999) 
and the southernmost Pacific Cordillera in eastern Mindanao. 
Support for a principal suture along the Cotabato Fault Zone came from Pubellier et al. 
(1991 ), who identified regional stratigraphic differences in pre- late Miocene basement 
sequences between areas in northern and southern Mindanao, on either side of the 
Cotabato wrench fault (Figure 2.14). The Cotabato Fault Zone separates arc-thickened 
oceanic crust of northern Mindanao from continental crust of southern Mindanao. 
Regional observations that the Central Mindanao Cordillera and the Pacific Cordillera 
have similar stratigraphic successions (Pubellier et al. 1991; Pubellier et al. 1999) imply 
the lack of a suture along the Agusan-Davao Trough (Quebral et al. 1996). The latter may 
represent an intra-arc basin that split the early Tertiary arc in northeast Mindanao. Hall 
(1997) suggested that the basement of the Pacific Cordillera in eastern Mindanao and the 
basement complex of Halmahera represent a contiguous late Cretaceous to early Tertiary 
arc and fore-arc system. Consequently the stratigraphic similarities from Halmahera 
through the Pacific Cordillera and into the Central Mindanao Cordillera may reflect a 
tectonically contiguous block that lacks a major terrane suture (Figure series 2.4-2.10). 
Lallemand et al. (1998) and Pubellier et al. (1999) provide a detailed analysis and 
convincing argument for successive thrusting of left-laterally offset segments of the 
Halmahera arc against the eastern Mindanao margin. These arc segments were 
sequentially offset left-laterally by N60°W transfer structures, analogous to the Cotabato 
Fault Zone (to which some are potentially related). The northernmost arc segment was 
thrust westward over the eastern Mindanao margin around 8°N during the early Pliocene 
(Lallemand et al. 1998), and forms the southern portion of the Pacific Cordillera. 
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Figure 2.13 Principal physiographic units within Mindanao, locations of stratigraphic 
columns A ---+ I in Figure 2.14 and possible collisional suture lines defined by 
previous workers: 1 & 3 - Mitchell and Leach (1991); 2 - Cardwell et al. 
(1980); 4-Pubellier et al. (1990). (Modified from Pubellier et al. 1991). 
They suggest that post-"accretion" failure of the Philippine Sea Plate, east of the 
southern Pacific Cordillera arc segment, resulted in initiation of the Philippine Trench at 
latitudes between 7°00'N and 9°00'N where the Philippine trench is deepest. To the south 
between 5°30' N and 7°00'N they define a zone of maximum compression, which lies due 
east of the Tampakan district, where a second postulated arc-segment, also bounded by 
N60°W transfer structures, has been partially under-thrust beneath an intense deformation 
zone in the hanging wall of the Sangihe Trench. Farther south again in the northern 
Molucca Sea, Pubellier et al. (1999) present seafloor geophysical and morphological data 
indicating a third arc-segment, the "Snellius Block", which is currently being thrust 
beneath the accretionary wedge of the Sangihe Trench. These partially subducted and 
thrusted blocks are illustrated schematically in Figure 2.10. 
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Figure 2.14 Schematic sections compiled by Pubellier et al. (1991) for nine locations (A~I) 
in Mindanao. Locations are shown in Figure 2.13. Stratigraphic columns A-D lie 
within the southwest terrane of Mindanao and have a basement comprising of 
continental crust. Stratigraphic columns E-I lie within the northeast terrane of 
Mindanao and have a basement of oceanic crust. (Reproduced from Pubellier et 
al. 1991). 
Pubellier et al. (1999) suggest that the southern-most portion of the Pacific Cordillera 
may have been dragged farther northwards along the sinistral Philippine Fault system 
which was initiated soon after accretion to partly accommodate oblique convergence of 
the Philippine Sea Plate. The structural interpretation in Figure 2.15 suggests that the 
southern termination of the Philippine Fault and its horsetail splays are profoundly 
influenced by the NW-trending structural grain of the Cotabato Fault Zone, rather than by 
the north-south-oriented Molucca suture to the south. The southern portion of the 
Philippine Trench also deflects towards alignment with this NW-trending structural zone. 
This is consistent with the Cotabato Fault Zone being a far more fundamental pre-existing 
suture, or structural axis, that has defined the northern limit (Pubellier et al. 1999) of the 
"doubly subducting" portion of the Molucca Sea Plate (Figure 2.7). 
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2.6 GPS DATA CONSTRAINTS ON CRUSTAL STRESS AND 
DISPLACEMENT VECTORS: Def°ming magnitude of crustal deformation 
since the Late Miocene. 
Knowledge of present-day crustal convergence rates, and of strain partitioning among 
different tectonic crustal blocks in the southern Philippines, is increasing with the 
availability of GPS data within the last decade. By combining a sufficiently detailed GPS 
station network spanning various crustal blocks, together with knowledge of the spatial 
distribution of structures that accommodate the GPS-derived relative convergence 
between crustal blocks, it is possible to obtain a first-order estimate of the strain rate of 
present, and geologically young, crustal deformation zones. It is prudent to state here, in 
advance of data and interpretations made in subsequent chapters of this thesis, that a 
period of some 2 Myr to 8 Myr duration of sustained crustal compression within a calc-
alkaline volcanic arc is the over-riding key tectonic requirement for facilitating 
petrochemical development of metallogenic fertility. Hence it is important to discuss 
some kinematic implications of the GPS solution presented by Rangin et al. (1999) for 
the southern Philippines and Mindanao, and to derive a broad estimate of the shortening 
rate in southern Mindanao during the Pliocene mineralisation event within the Tampakan 
district, prior to establishment of the Cotabato and Philippine Trench "convergence 
accommodating structures" in the middle Pliocene. Rangin et al. (1999) derived a 
geodetic solution for the current tectonic kinematics of the Philippine archipelago using 
GPS data from the GEODYSSEA dataset, acquired from stations on several different 
tectonic blocks. Figure 2.15 presents the principal tectonic blocks, GPS station locations, 
and the solution of GPS vectors obtained by Rangin et al. (1999) in the southern 
Philippines, with respect to the Sunda plate reference frame. There are seven 
displacement vectors of significance to this discussion, after Rangin et al. (1999) applied 
corrections to the vectors for co seismic and interseismic (elastic loading) effects. 
The similar-scale and orientation of motion vectors obtained by Rangin et al. (1999) for 
GPS stations ZAMB (28 mm y-1 towards 280°) and SURI-Acalc (38 ± 7 mm i 1 towards 
282±4°N) suggest that there is little, if any, strike-slip displacement presently occurring 
along the Cotabato Fault Zone. This suggests the transform fault is presently inactive and 
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Figure 2.15 Structural framework of Mindanao and the northern Molucca Sea. GPS base 
stations relevant to discussions in §2.6 are DAVA (Davao), ZAMB (Zamboanga), SURI 
(Surigao - east of Philippines Fault), ILOI (Ilo Ilo), and further south (not shown) are MANA 
(Manado in northern Sulawesi), TERN (Ternate on southern Halmahera) and TA WA (Tawao on 
northeast Kalimantan). For the Surigao station, Rangin et al. (1999) use the interpolated 
displacement solution of the Philippine Fault at this latitude to calculate the motion vector on a 
point on the west side of the Philippine Fault (SURI-Acaic), on the Visayas Block within which lie 
the DAV A and ILOI sites. 
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is not significantly accommodating convergence between the PSP and the Sunda Block 
(SUB). 
My estimate of the convergence rate at the Cotabato Trench (32 mm i 1), using depth of 
seismicity constraints and the Hall (1996) model for initiation of subduction at the 
Cotabato Trench at 3 Ma (§2.4.8), is in remarkably good agreement with the estimate of 
35 mm i 1 by Rangin et al. (1999) (Table 2.1). The sum of the GPS values for 
convergence at the Sulu and Cotabato Trenches is 28 + 35 = 63 mm i 1, on the south side 
of the Cotabato Fault Zone. This value of 63 mm i 1 is nearly identical to the 66.4 mm i 1 
displacement of the DAVA site located just north of the Cotabato Fault Zone (Figure 
2.15). This similarity of motion further indicates no presently resolvable displacement 
along the Cotabato Fault Zone. Hence this fault zone is considered locked as a result of 
suturing of the two Mindanao terranes, and adequate accommodation of PSP-SUB 
convergence is currently occurring along the presently established subduction zones. 
Figure 2.16 shows my estimations of the components of the total convergence of the 
Philippine Sea Plate with respect to the Sunda Block, parallel to the PSP convergence 
vector (288°N), which has been partitioned between various "convergence 
accommodating structures" within the southern Mindanao block since the late Miocene. 
The constraints below were employed for the reconstruction of stress accommodation in 
southern Mindanao. Table 2.1 presents the data sources for estimation of tie-points in the 
construction of Figure 2.16. 
• Estimates of the variation of plate-convergence-vectors were made for southern 
Mindanao along a section that is parallel to the convergence direction of the 
Philippine Sea Plate (WNW) with respect to the Sunda Block at the latitude of 
southern Mindanao. The section runs through Sarangani Peninsula, the Daguma 
Range and Zamboanga Peninsula, and thus lies entirely within the southern 
Mindanao block. 
• The principal "convergence accommodating structures" along this section at 
different points in time are the Sangihe Trench, the Halmahera Trench, the Sulu 
Trench, the Cotabato Trench, the Philippine Trench, and importantly, intra-block 
crustal compressive (and strike-slip) deformation. 
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• All estimated/calculated convergence vectors are relative to the Sunda Block 
reference frame. Rangin et al. (1999) showed that the Sunda Block (SUB) is 
moving with respect to central Eurasia, so the SUB is taken as the reference 
frame. 
• The convergence vector of the Philippine Sea Plate with respect to the Sunda 
Block is treated constant in both magnitude and orientation during the 8 Myr 
interval represented in Figure 2.16, inasmuch as Pacific-Eurasia convergence rate 
and PSP motion has been "nearly steady" in that time interval. A OPS-derived 
convergence velocity of 105 mm y-1 towards 288° is used as the long term PSP-
SUB convergence (scaled from Rangin et al. 1999, after Serro et al. 1993). 
Table 2.1: Measured and calculated convergence-rate tie-points 
Age Event Convergence* Source 
; ............................................................................... ......................................................................................... ! .................... ...................... , ............ 1 ..................................................................................................................... ............ ~ 
j A 0-8Maj PSP-SUBconvergence j 105mmi jRanginetal.1999afterSenoetal.1993. j 
' j i i 105 mm i 1 to 288°N l 
, ................. p................ . ..... ~ ..... 1:::::.:::~~:i!~~~:1~:~:!.r.~:~~:~:~~~~~:~~~:~~:::::::::i_.::::.:::::::~:~:~~~~::~:~:::::.::::: . i ..:~.~:~~:i~::~t.-~1.:::~::~~:~:::::·:·:::::::::::·:.·::::::::::·.:::::::::·::::::::::::.:::::::::::::::::: ·.! ~ ·· ···· · · ··· · ····•··•·•· · ·•······" I C Ma j Cotabato Trench Convergence j 35 mm i j Rangin et al. 1999 j 
,..................................... . ........ .J... ....................................................................................................... i ............. ~? . .r:r:1r:r.i . .:t:; .........  ....l!.~.i.:>. .. :>.t.1J.9.Y.:Jrgr:r.i .. ~.1:!~1gf.l_i~.l..r.i::.c:.<:>.r:i:>.t.r..u..~ic:>.r:i ........ ..J 
, Su ! 0 Ma j Sulu Trench Convergence j 28 mm i : Rangin et al. 1999 j 
;-·····································4·····················i··································································· ········································i··········································-r··········i·································································································································i 
: S-51 !8-5 Mai Sangihe Trench Convergence : 56.9 mm i !This study: from geological reconstruction : 
; ....................... ............... J .....................•........................................................................................................... ; ......................................... T ....... ' .......................................................................................................................... ; 
j H-H1 j8-5 Maj Halmahera Trench Convergence j 26.3mm f is study: from geological reconstruction j 
; ...................................... ~ ......................................................................................................................... ........ ; ........................................... l .......................................................................................................................... ; 
j j Sangihe + Halmahera Convergence j 83.2 mm i jThis study j 
................................. 4 ..................... ; ........................................................................................................... ; ....................................... T ............ ; ................................................................................................................................. ; 
j j Sangihe + Halmahera Convergence j 80 mm i : Rangin et al. 1999 (southern Molucca Sea) j 
•······································+····················f······························ .. ····················· .. ····················· .. ······· .. ····················l···········································1···········l·········· .. ···· · · ···· ·· ··· · ········ · · · ····· ·· ···· ······ ···· ··· ·· · ···· · ··· ······ ···· ···· ·· ····· ··································~ Su1 : 8 Ma i Sulu Trench Convergence i 21 .8 mm i !A - (H + S) i 
.................................... ~ ..................... i ........................................................................................................... i ........... _ .............................. f ........... 1 ................................................................................................................................. i 
Su2-Su3 j?-5 Ma j Sulu Trench Convergence j 10.9 mm i !Assume subduction velocity slows by 50% ' 
................................... J.. .............. J ................................................................... ................................  1 .............. ..................... T .. ........... j.~':l~ .. t.9. ... ':IP.P.!.C>.':l.C:.~ .. 9..f.gi;i_9i;i_xi;i_r:i .. '3.i9.9.1:!.J§?..:.~:.!3.L. 
Po j 5 Ma j Initiation of Philippine Trench j 0 mm i j Hall (1996) 
................. ....................................................................................................................................................... ; ...................................... , ................................................................................................................................................. . 
Co j 3 Ma j Initiation of Cotabato Trench j 0 mm i j Hall (1996) 
··::::::::·::·:$.:~:::.:::::::::I.:~::~~:::t:::::.:·::::~-~~:~~~1~~::~t.::~~:~~:'.~:~.f r.~:~~~:::::::::::l · ·············a··n;·n;···y:i··············fih·15:~~~~i.3~~~~::~i.::· · :::::·:::· :::::·: ::::. :::::::·:::::· ::.:::::::·::. :: :: .. ············ 
... '::'.~ .............. .!....~ .. ~.a. .. . L.. .... ?..:~.~-~~i-~~---~1. . ~.~1-~-~-~-=.r.~ .. !.r.:.~~-~- - -···..J. ............... ?. .. ~.~.f...... ..~1.~~-~~--(-~~.:.~.~~.? ....................................................... ............... . 
* Convergence magnitudes are calculated for vectors parallel to the PSP-SUB convergence direction (288"N). 
The control points used to compile Figure 2.16 are discussed below: 
A The convergence vector between the Philippine Sea Plate (PSP) and the Sunda 
Block (SUB) is assumed to be constant, for the late Miocene to present, at the 
current observed value of 105 mm i 1 towards 288°N at the latitude of the 
Molucca Sea. 
P The convergence at the Philippine Trench of 33.6 mm i 1 (towards 288°N) is re-
calculated from the east-west convergence of 32 mm i 1 presented in Rangin et al. 
(1999). 
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Figure 2.16 Temporal history of convergence-parallel accommodation of the Philippine Sea 
Plate motion relative to the Sunda Block at subduction zones in southern 
Mindanao. Residual unaccommodated convergence is represented as distributed 
intra-plate compression (orange shading). This intraplate compression is taken 
up predominantly by thrusting within Mindanao, although a component may be 
taken up by occasional strike-slip displacement along strands of the Cotabato 
Fault Zone. Identification of tie-points (labelled dots) is presented in Table 1. 
C The good agreement for the convergence values at the Cotabato Trench calculated 
from GPS measurements (Rangin et al. 1999), and from integrated subduction 
history (this study), corroborates medium-to-long term stability of the principal 
stress orientation. 
Su Present day convergence rate across the Sulu Trench (28 mm/year) is adopted 
from Rangin et al. (1999). 
S-S 1 Convergence rate across the Sangihe Trench was calculated assuming 920 km 
(Jarrard, 1986) of the Molucca Sea Plate was subducted at the Sangihe Trench 
from 20 Ma to 3 Ma. 
H-Hl Convergence across the Halmahera Trench was calculated by assuming that 300 
km (measured from the seismic interpretation of Silver and Moore, 1978) of the 
Molucca Sea Plate was subducted into the Halmahera Trench between 15 Ma and 
3 Ma (Figures 2.5-2.9). Both the Sangihe and Halmahera Trenches were active 
prior to 3 Ma along the considered section. The sum of calculated 8 Ma to 5 Ma 
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average convergence vectors across the Sangihe and Halmahera Trenches, based 
on integrated subduction history for these trenches, accounts for 83 mm y-1 of 
accommodation, which is in good agreement with Rangin et al. (1999) who 
suggest that 80 mm f 1 of convergence is presently accommodated in the southern 
Molucca Sea by these two subduction systems. 
Sul There is no evidence of intra-plate deformation within the Celebes Sea oceanic 
crust west of the Sangihe subduction system as indicated by the MANA and 
ZAMB GPS stations and the lack of seismicity within this marginal basin (Rangin 
et al. 1999). Consequently I assume that convergence at the Sulu Trench at 8 Ma 
is the residual convergence not already accounted for by the Sangihe and 
Halmahera subduction systems. The calculated slow subduction velocity of 22 
mm i 1 at that time is reasonable because the Sulu ocean crust is young (early 
Miocene - Rangin and Silver, 1991) and relatively warm, and consequently 
should subduct at a low angle and slow velocity due to thermal buoyancy of the 
slab. 
Su2-Su3 The calculated convergence rate for the Sulu Trench is judiciously halved from 
7 Ma to 5 Ma to account for probable slowing of subduction by arrival of the 
buoyant Cagayan Ridge near the Sulu trench axis (Rangin, 1991 ). 
S2 & H2 Termination of subduction at the Sangihe and Halmahera trenches by final 
closure of the Molucca Sea in southeast Mindanao is taken at 2.8 Ma. 
By integrating the area above the cumulative curve in Figure 2.16 (shaded orange area), 
we can derive a first order estimate of the component of the convergence-parallel motion 
of the Philippine Sea Plate with respect to the adjacent Sunda Block, which is not 
accommodated by subduction at any active trenches, and which must be accommodated 
by intra-plate deformation. Figure 2.16 reveals that there is a long period, extending from 
7 Ma to the present, during which southern Mindanao has been under significant crustal 
compression, as outlined by the deficit in convergence accommodation defined by the 
orange shaded trough in Figure 2.16. There is widespread thrusting (Chapter 3) of 
Pliocene age throughout southeastern and southern Mindanao, and in the Tampakan 
district. This shortening is implicated in the rapid uplift rate between 3.93 Ma and 4.30 
Ma, which had unroofed the Tampakan porphyry system (Figure 2.16) by 2-3 km within a 
time frame of ~370 Kyr (Chapter 4). 
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The progressive slowing in subduction rate of the Molucca Sea Plate at the Halmahera 
and Sangihe trenches due to collision which commenced at ~5 Ma (Figure 2.16), is 
coincident with the Philippine Sea Plate - Sunda Block convergence becoming 
increasingly accommodated by intra-plate thrusting and folding in southern Mindanao, 
and synchronous initiation of thrusting at the nascent Philippine Trench. 
At present there is a small component of the convergence (A-Su on Figure 2.16: 8.4 mm 
i 1) that is not accommodated by subduction. This suggests that crustal shortening is still 
ongoing in southern Mindanao, albeit waning in intensity. Quaternary to Recent uplift of 
limestone terraces along the western shoreline of Sarangani Bay (pers. observ.) indicate 
ongoing uplift. The component of convergence available for partitioning into crustal 
compression is diminishing as current subduction systems become well established, as the 
sinistral Philippine Fault Zone propagates farther south and absorbs some convergence in 
this region, and as the Philippine Trench, which is currently locked (Figure 2.12 a-b and 
Rangin et al. 1999), becomes freed upon further sinking of the Molucca slab. 
2.7 CONCLUSIONS 
The key points that are obtained from the synthesis and interpretations presented in this 
chapter are: 
• The principal collisional suture in Mindanao is more-or-less coincident with the 
Cotabato Fault Zone, a 100 km wide transfer fault system that defined the boundary 
between the Eurasian margin and the Philippine Sea plate during the late Miocene. 
• The Molucca Sea Plate (sensu stricto, i.e., crust originally derived from the IAP) 
subducted to the east and west in the region south of the Cotabato Fault Zone by 
closure of the Molucca Sea. The west arm of the Molucca slab, which subducted at 
the Sangihe Trench, extends north of the Cotabato Fault Zone into central and 
northern Mindanao. The east arm never extended north of the Cotabato Fault Zone. 
• The late Miocene approach of the early Tertiary central Visayan segments of the 
Philippine arc jammed the northern end of the Sangihe Trench. Continued sinistral 
displacement along the Cotabato Fault Zone may have translated a dislocated 
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triangular segment of the Eurasian margm (which comprised the northernmost 
segment of the Sangihe arc) northwestward ahead of the Panay arc fragment. 
• The western arm of the Molucca slab beneath central-northern Mindanao has 
remained coupled to the doubly subducted slab south of the Cotabato Fault Zone, 
despite removal of the overlying Sangihe trench and crust, dislocated by the 
northwest passage of the Visayan and northern Mindanao arcs. 
• The paucity of volcanic sequences in the Philippines during the middle to late 
Miocene (Pubellier et al. 1999) is consistent with the lack of active subduction zones 
beneath the Visayas and northern Mindanao in the reconstructions presented here. 
• The Central Mindanao Cordillera - Pacific Cordillera - Snellius Block - Halmahera 
arc represented a semi-continuous arc system. The approach of these arc systems 
towards the northern section of the Sangihe Trench and the southeast-propagating tip 
of the Cotabato fault system, allowed portions of this arc between Halmahera and the 
Pacific Cordillera to be progressively sliced and offset by NW-striking splays of this 
lithospheric-scale structure. 
• Final collision in Mindanao during the Pliocene had three principal components that 
contributed to widespread compression and intense deformation in the southeast 
portion of the island: 
1) Compression was engendered by docking of northern and southern 
Mindanao along a transpressional segment of the Cotabato Fault Zone. 
2) Synchronous closure of the Molucca Sea off southeastern Mindanao by 
divergent subduction of the Molucca Sea Plate and attendant collision of the 
Sangihe and Halmahera fore-arc sequences. 
3) Transformation of the "obtuse-angle" Eurasian margin in Mindanao (i.e., the 
Cotabato Fault Zone and the Sangihe Trench) from a strike-slip and 
subducting margin to a deforming backstop during collision and ongoing 
rapid (9 cm/year) oblique convergence of the Philippine Sea Plate, allowed a 
concertina-type thrusting of Halmahera arc segments onto the east Mindanao 
backstop and beneath the Sangihe fore-arc in the northern Molucca Sea. 
• The initiation of east-west-oriented crustal compression that began in the late 
Miocene is ongoing today, as revealed by modem GPS measurements of plate 
vectors on different crustal blocks in Mindanao. The crustal compression and 
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deformation occurred over a 7 Myr interval, extending from 7 Ma to the present, 
peaked in intensity between 4 Ma and 2 Ma and is currently waning. 
• The peak in crustal compression occurred more-or-less synchronously with 
porphyry Cu and high-sulphidation epithermal Cu-Au mineralisation in the 
Tampakan district. 
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VOLCANIC, STRATIGRAPHIC AND STRUCTURAL SETTING OF 
THE TAMPAKAN DISTRICT IN RELATION TO THE SOUTHERN 
PHILIPPINES TECTONIC FRAMEWORK 
3.1 INTRODUCTION 
A principal conclusion from the preceding chapter on plate-scale tectonics is that a 
fragment of Eurasian continental-crust, which constitutes the basement of southwestern 
Mindanao, was sutured during the late Neogene to a juvenile intra-oceanic arc terrane -
(Visayas Block) that comprises northeast Mindanao and adjacent islands north of it. In 
Mindanao, the suture is along the 100 km wide, northwest-trending Cotabato fault zone. 
This fault zone and second-order ramp-anticlines and thrust faults in the region provide a 
record of the evolution of the regional stress field during deposition and deformation of 
late Neogene sedimentary and volcanic units, including the Tampakan volcanic 
succession. This chapter describes the principal lithologic units and deformation features 
of south-central Mindanao in and around the Tampakan district. Chapter 4 places the 
deposition and deformation of these units in a quantitative time frame using the K-Ar, U-
Th-Pb and Sr isotopic systems. Following a description of the igneous petrochemistry in 
Chapters 5 and 6, Chapter 7 utilises the information on the timing, orientation and 
magnitude of the compressive stress field to interpret the mechanics of magma 
entrapment in a lower-crustal chamber. The role of lower-crustal magma entrapment and 
high-pressure evolution of the magmatic suite in promoting Cu-Au-metallogenic fertility 
is discussed in Chapter 12. 
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The geology of southern central Mindanao is dominated by three distinct segments of 
the Sangihe volcanic arc; the Daguma Range (magmatically active at -17-18 Ma; 
Pubellier et al. 1993, Sajona 1994); Sarangani Peninsula (magmatically active at -10-12 
Ma; Pubellier et al. 1993, Sajona et al. 1994); and the southern Central Mindanao 
Cordillera, including the Tampakan district which was volcanically active from -8.5 Ma 
to the present (this study). The three recently active volcanoes in the region are Mt Apo, 
Mt Matutum and Mt Parker. The former two lie along the southern Central Mindanao 
Cordillera while the latter lies at the eastern end of the Daguma range. The Cotabato 
basin separates the Daguma and southern Central Mindanao Cordillera arc segments 
whereas the Sarangani Basin separates the latter from the Sarangani Peninsula arc 
segment that lies west of the Gulf of Davao (Figure 1.2). South-central Mindanao is 
affected by two styles of deformation. The earliest and most persistent style of 
deformation is lithospheric-scale wrench faulting along a Miocene plate boundary 
between the Sunda Block (SE Asia) and the Philippine Sea Plate, currently represented by 
the 100 km wide deformation zone of the Cotabato Fault system (Pubellier et al. 1991) 
which sutures southwest Mindanao to northeast Mindanao (Figure 2.15). The second 
style of deformation is a fold and thrust-belt that developed during collision of the 
Sangihe and Halmahera arcs in southeastern Mindanao, and during subsequent 
subduction polarity reversal (§2.4.7 and §2.4.8). This entailed cessation of subduction at 
the Sangihe and Halmahera trenches during the early to middle Pliocene, and generation 
of the young Cotabato and Philippine trenches farther west and east, respectively. Figure 
3.1 presents a schematic WNW-ESE geological section though southern Mindanao, 
extending from the Cotabato Basin (A) to the Gulf of Davao (B), and transecting the 
Tampakan district. The thrust faults and ramp-anticlines that dominate east-west 
geological cross-sections of the southern Pacific Cordillera and Sarangani Peninsula 
(Quebral et al. 1996; Domingo et al. 1995), are also present within the southern Central 
Mindanao Cordillera segment of the Sangihe Arc and the Tampakan district (§3.4). The 
Tampakan district is fault-bounded against the western margin of the Sarangani Basin 
(Figures 3.1 , 3.2) by an east-verging thrust fault that is shown on the 1:800,000 
scale ''Neotectonic Map of Mindanao Island" - Pubellier et al. (1993), herein called the 
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Figure 3.1 Geological cross-section through south-central Mindanao, showing location of the 
Tampakan district on a ramp-anticline developed over a Pliocene collision-stage 
thrust fault. Major folds and thrusts affect latest-Miocene rocks. Thrust faults are 
east-verging throughout the southern Central Mindanao Cordillera, Sarangani 
Peninsula and in seafloor sediments of the Davao Gulf (Quebral et al. 1996). The 
convex-to-east geometry of Sarangani Peninsula represents the largest of the 
collision-stage thrust faults observed in southeast Mindanao. Thrust faults in insert 
figure are shown in red whereas strike-slip wrench faults are shown in black. 
"Central Cordilleran Thrust". This thrust fault is one of several regional thrust faults that 
developed during the early Pliocene collision in southeast Mindanao. The Tampakan 
district is encapsulated within the regional-scale Cotabato wrench fault system (Figure 
2.15), and lies entirely on a thrust-fault-related ramp anticline that folds the early 
Miocene volcanic basement, and which developed in the hanging wall of the Central 
Cordilleran Thrust. 
3.1.2 Cotabato Basin 
The Tampakan district is flanked to the east and west by the Sarangani and Cotabato 
basins respectively (Figure 3.1). The Cotabato Basin has a long history, initially as a fore-
arc basin developed between early Miocene arc volcanism in the Daguma Range and the 
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Sangihe Trench (§2.4.3), and more recently, as a developing back-arc basin behind the 
Daguma Range (Pubellier et al. 1991) and the active Mt Parker and Mt Blit volcanoes. 
The latter is attributed to northeastward subduction at the Cotabato Trench. The Cotabato 
Basin currently forms an extensive alluvial plain with numerous NW-trending ridges 
(e.g., Roxas and Quezon ranges, Figure 3.2) that comprise en-echelon folds developed 
over buried splays of the strike-slip Cotabato Fault Zone. Middle Miocene to Pleistocene 
basin sediments (Roxas Range) comprise bathyal marine mudstone and conglomerate, 
progressively shallower marine limestone, sandstone, and finally non-marine alluvium. 
This shallowing reflects long-lived regional uplift of the region, which is ongoing today, 
as evidenced by uplifted coral terraces along the western foreshore of Sarangani Bay. 
Coarsely bedded Pleistocene conglomerate beds along the eastern margin of the basin 
onlap the cordillera west of the Tampakan deposit, and are intruded by Pleistocene-age 
volcanic plugs in the Tampakan district. The beds are tilted towards the west at 30°-40° 
(Plate 1; page 89) by basin-margin thrust faults. Conglomeratic clasts within this 
sequence resemble the Tampakan Andesite Sequence that hosts the Tampakan deposit. 
3.1.3 Sarangani Basin 
The Sarangani Basin is an inter-arc basin developed as a synclinal flexure on the 
western limb of the Sarangani ramp anticline (Figure 3 .1 ). This north-south trending 
topographic depression is continuous with Sarangani Bay on the south coast of 
Mindanao, and is filled by Pliocene-age volcaniclastic sediments and limestone. The 
volcaniclastic sediments were eroded from the adjacent, actively uplifting arc segments to 
the east and west. The western margin of the basin is dominated by conglomerates, 
water-lain tuff and limestone that onlap the southern Central Mindanao Cordillera. The 
presence of water-lain tuff interbedded with conglomerate and limestone indicate active 
volcanism in the hinterland during synclinal basin subsidence, and that much of the 
volcaniclastic component was probably sourced from the early to middle Pliocene 
Tampakan volcano (§3.2) which was the nearest volcanic centre during the Pliocene. 
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Figure 3.2 Geology of the Tampakan district. Photo- and topographic-lineaments in the 
Tampakan district have been added to the base map generated by A.Buenavista and 
A.Ignacio. 
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The Tampakan Cu-Au deposit is hosted by andesitic lava flows (Tampakan Andesite 
Sequence) that form the western flank of a deeply eroded and dissected, multi-cycle 
(Chapter 4) andesitic stratovolcanic complex. An early requirement in understanding and 
constraining the palaeohydrology of the Tampakan district (Part II of this dissertation) 
was to identify whether the district volcanic setting conformed to an eroded central vent 
stratocone, a deeply dissected volcanic caldera, or alternatively, a broad highland volcanic 
plateau that lacked any obvious central eruptive focus. A request was made to Dr 
F.Tabeart of WMC Resources Ltd to generate four computer-enhanced topographic 
images. He applied an algorithm to digitally simulate a solar-illumination at varying 
angles around the Tampakan topographic dataset, to facilitate identification of any relict 
volcanic-topographic feature within the digital terrain model (DTM) data. The 
topographic image that was illuminated from the south, using a red-yellow-blue graduated 
colour scheme to represent decreasing elevation (Figure 3.3), reveals a deeply dissected 
central-vent stratocone-type landform dominating the topography within the district, north 
of the smaller, dormant Mt Matutum stratocone. The digitally enhanced topographic 
image reveals the preserved basal third of an andesitic stratocone, which is erosionally 
truncated at an average elevation of 1200-1300 metres above current sea level or ~800-
900 metres above syn-volcanic sea level. The latter is defined by the level of the Pliocene 
shallow marine strata in the Cotabato basin west of the cordillera. The principal erosional 
drainage systems of the Tampakan stratocone are the Tukay Mal and Bong Mal rivers, 
which drain eastward out of the eroded central topographic depression of the stratocone, 
and converge into the north-flowing Mal River along the northeast portion of the 
Tampakan district. The Tampakan deposit lies just below the western lip of the truncated 
upper surface (Figures 3.3 and 3.4). Data presented in Chapter 4 indicates that the 
Tampakan volcanic centre comprises a series of sequentially rebuilt and eroded volcanic 
centres that have built up the Tampakan Andesite Sequence over a 4.5-Myr interval 
extending from ~7 Ma to ~2.5 Ma. The eroded topographic stratocone remnant that is 
identified in the enhanced DTM dataset (Figure 3.3) is a middle Pliocene (Stage 4a; 
Chapters 4 and 5) stratovolcano. 
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A digital terrain model of the Tampakan district 
that covers an area of 31 km x 34 km. The image is 
digitally enhanced using an artificial solar 
illumination algorithm. The annular, 8.4 km wide, 
relict topographic feature in the central portion of 
the image is the central part of a deeply dissected 
middle Pliocene volcanic edifice that is related to 
eruption of Cycle 4a of the Tampakan Andesite 
Sequence (see Chapter 4). The base of the edifice 
has a diameter of -18 km as indicated by the lateral 
extent of the Tampakan Andesite Sequence. 
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Figure 3.4 A schematic east-west cross-section through the eroded Tampakan volcanic centre. The relative scale of the Tampakan 
deposit is exaggerated to show detail in the deposit environs. The stratocone remnant is developed on a ramp anticline in the hanging-wall 
to an early-Pliocene collision-stage thrust fault. Several erosional unconformities within the deposit environs (red lines) revealed by age 
dating (this study) indicate that the Tampakan district is characterised by repeated cycles of volcanism and erosion over the past 8.5 
million years. The andesitic volcanic pile which sits on the lower-mid Miocene basaltic basement, comprises an 8.34 Ma sequence (Cycle 
1) identified at the base of the deepest drillhole in the Tampakan deposit, a 6-7 Ma year old basaltic andesite to andesitic eruptive cycle 
(Cycle 2) exposed mostly around the western flank of the volcano, andesites at 4.39-4.76 Ma (Cycle 3), andesites and associated diorite 
stocks and dykes at -3.0-3.9 Ma (Cycle 4a), andesite-dacite flow-dome complexes at 1.47 Ma (Logdeck Andesite - Cycle 4b) and younger 
intrusive dacite plugs (e.g. Nun Guon dacite). The Tampakan porphyry-Cu mineralisation (4.24-4.26 Ma) is hosted by cycle 1 and cycle 3 
sequences, whereas the Tampakan high-sulphidation epithermal Cu-Au mineralisation (3 .20-3.39 Ma) is hosted by rocks of magmatic 
cycles 1, 3 and 4a, and is developed as a stratabound blanket broadly along the unconformity between cycle 3 and cycle 4 andesites. Uplift 
of the volcanic centre by district-scale thrust faults and a ramp-anticline has facilitated erosional superposition of high-sulphidation 
epithermal mineralisation on pre-existing porphyry-Cu mineralisation that formed during an earlier mineralising episode. 
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The Tampakan Andesite Sequence has a grossly circular distribution, and lies 
unconformably on a regional northwest-trending basement antiform (Figure 3.2). The 
mapped distribution of the Tampakan Andesite Sequence is grossly coincident with the 
topographic remnant of the stratocone that is revealed by the DTM data. Outcrops of 
erosionally-stepped andesite flow units ( 40-80 metres thick) dip away from the south and 
west flanks of the relict volcanic centre (Plate 2). The dip angle (10° -15°) of andesite lava 
flows on the flanks of the volcanic structure, the gross diameter of the base of the inferred 
volcanic cone ( ~ 18 km), and the present topographic surface profile of the Tampakan 
Andesite Sequence along a northeast-southwest cross-section through the volcanic centre 
(Figure 3.5), indicate that the original middle Pliocene volcanic summit had an elevation 
of ~3000 metres above sea level, similar in scale to the 2950-m-high Quaternary Mt Apo 
volcanic centre. The latter is located approximately 60 km to the NNW and has a similar 
diameter and a slightly erosionally degraded summit. 
Erosion of the Tampakan Volcano may have been accentuated by high rates of uplift 
that characterise uplifting thrust blocks, and which may have aided erosional 
superposition of epithermal on porphyry mineralisation styles in the Tampakan district. 
These data confirm that a relict stratocone of middle Pliocene age (Chapter 4) dominated 
the volcanic landscape of the Tampakan porphyry Cu and high-sulphidation Cu-Au 
deposits at the time of mineralisation. 
3.3 TAMP AKAN DISTRICT VOLCANIC STRATIGRAPHY 
3.3.1 Sulop Basaltic Andesite Basement Sequence 
The oldest volcanic sequence in the Tampakan district is exposed in the core of a 
northwest-trending cordillera-scale ramp anticline (Figure 3.2). It comprises basalt and 
basaltic andesite lavas, basaltic andesite porphyry intrusions, and flow breccias of lower 
to middle Miocene age. Radiometric dating of an intercalated limestone unit within this 
basaltic andesite sequence (§4.6; Chapter 4) yields a seawater 87Sr/86Sr correlation age of 
17. 7 6 ±~:~ 1 Ma . This sequence of intercalated, lower Miocene, submarine basaltic 
andesite flows and limestone is here considered equivalent to the Sulop Formation (MGB 
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Consolidated unpublished report) in southeastern Mindanao. Coeval early Miocene 
limestone units are the oldest observed rocks on the Davao Del Sur (Sarangani) peninsula 
(Pubellier et al. 1991, 1999) and limestones of similar age are also observed in central 
and eastern Mindanao (Quebral et al. 1996). 
The presence of basaltic dykes intruding mudstones and laminated sediments, chilled 
margins of fragmented basalt clasts associated with deformed mudstone fragments, and 
the occurrence of limestone interbeds containing irregular basaltic fragments, indicate 
hyaloclastite formation during quench fragmentation of basaltic dykes as they intruded in 
a submarine environment (Buenavista et al. 1995). 
3.3.2 Tampakan Andesite Sequence 
The Tampakan Andesite Sequence (Figure 3.2) comprises a series of grey to dark 
green, commonly biotite-bearing, porphyritic pyroxene-hornblende-andesite flow units 
that form the edifice of the eroded Tampakan stratocone. These flow units commonly 
display weak trachytic textures. Xenoliths are locally present and comprise sub-rounded, 
sparsely porphyritic, andesite and locally light-coloured diorite clasts. The lack of 
vesicular textures, magmatic breccias or interbedded pyroclastic horizons may indicate 
that the main stratocone sequence erupted by quiet effusive lava outpouring rather than 
by explosive volcanism. Within the deposit environs, these poorly differentiated andesite 
flows have a preserved thickness in excess of 650 metres between the current topographic 
surface and diorite stocks intersected in drill holes. Contacts between individual flow-
units are not identified within the deposit, however, large-scale vertical variation in 
phenocryst content (15-40%) may reflect a series of discrete flow units. Local horizons 
of autoclastic flow-breccia are recognised in several of the northern-most drillholes on 
the Tampakan drillgrid, where advanced-argillic alteration is less intense. 
Unaltered exposures of the Tampakan Andesite Sequence are sparse in the project area 
due to a regionally developed argillic and advanced-argillic alteration blanket (Plate 3), 
that exceeds 90 km2 in area (Figure 3.2) and, that is associated with the Tampakan 
magmatic-hydrothermal system and potentially other hydrothermal systems within the 
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district. Exposures of fresh rock are also limited by recent volcanic cover and by surface 
vegetation. The advanced-argillic and argillic alteration that affects the sequence forms a 
"lithocap". Using the terminology of Sillitoe (1995), a "lithocap" is defined as "large, 
topographically prominent masses of pyritic advanced-argillic and argillic alteration that 
are located between the subvolcanic intrusive environment and the palaeosurface". 
The lithocap spans the western half of the Tampakan volcanic centre, and at its 
periphery it extends preferentially along structural lineaments (Figure 3.2). The massive-
silica and silica-clay blanket associated with the Tampakan mineralisation (Chapter 8) lies 
centrally located within the regional lithocap. There are several additional silica-rich 
bodies within the district that broadly surround the central ore-hosting silica bodies at 
Tampakan (Figure 3.2), and commonly at 4-6 km distance (Plates 4 and 5). 
Geochronological studies of the Tampakan Andesite Sequence (Chapter 4) indicate that it 
can be subdivided into two basal (upper Miocene) sequences (Cycle 1 and Cycle 2), an 
overlying lower Pliocene sequence (Cycle 3) and an upper middle Pliocene sequence 
(Cycle 4a) (Figure 3.4). The sequence is intruded by numerous hornblende-diorite stocks 
and diorite/andesite dykes. 
3.3.3 Pleistocene Evolved Andesite-Dacite Plugs and Flow-Dome Complexes 
The Tampakan Andesite Sequence is locally overlain by a younger sequence of flow-
dome complexes that are broadly coeval with dacite plugs that intrude sediments of the 
Cotabato basin near the southwestern and southern flank of the volcanic complex. These 
sequences comprise massive, undifferentiated, sparsely porphyritic and moderately 
trachytic dacite to dacite-andesite, with plagioclase and hornblende phenocrysts and 
locally biotite. Within the deposit environs, the dacitic Nun Guon Plug and Logdeck 
Andesite flow-dome complex postdate mineralisation, as indicated by the lack of 
hydrothermal alteration where in direct contact with the underlying advanced-argillic-
altered Tampakan Andesite Sequence. The development of a thin fossil soil horizon 
between the Logdeck Andesite and the Tampakan Andesite Sequence, and the restricted 
regional distribution of the individual dacite-andesite bodies, imply that the Logdeck 
Andesite probably erupted as small, viscous flow-dome complexes. 
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The series of dacitic to andesitic plugs that intrude sediments of the Cotabato Basin 
immediately west of the Mt Matutum volcano comprise biotite- and hornblende-bearing 
dacite porphyry at Lambayong (Plate 6; Figure 3.2), biotite- and hornblende-bearing 
andesite at Lambato and Landayao, and hornblende-andesite at Lote and Tampad. They 
form discrete, steep-sided circular to ovoid, 300-400-metre-high volcanic plugs that 
intrude through, and project above, low-lying conglomerates of the Cotabato Basin. The 
Lote and Lambayong intrusive plugs have been dated at 1.4 7 ± 0.05 Ma and 0.86 ± 0.04 
Ma, respectively, by whole rock K-Ar (Sajona, 1994). 
3.3.4 Mt Matutum Pyroclastic Deposits 
Two young volcanic centres of late Pleistocene to Holocene age occur on the northern 
margin (Mt Apo) and the southern margin (Mt Matutum - Frontispiece; Figure 3.2 and 
3.3) of the district. Mt Apo is a composite andesitic stratovolcanic complex that is located 
60 km NNE of Tampakan and is the highest mountain in the Philippine Archipelago at 
2950 m ASL. The youngest volcanic product in the Tampakan district is the Matutum 
Pyroclastic Sequence and andesites of the Mt Magalo dome (Figure 3.2). The most recent 
eruption of Mt Matutum has been dated at 2000 yrs BP ( 14C dating of charred wood 
fragments; Buenavista et al. 1995). This eruption blanketed extensive areas of the 
Tampakan district with one to six metre thick pyroclastic deposits of air-fall crystal lapilli 
tuffs (Plate 7) and local block-and-ash flows. The latter contain clasts of dark, finely 
vesicular hornblende-andesite scoria and minor hornblende-andesite porphyry. Faint 
columnar jointing is observed in the core of some block-and-ash flow deposits that 
contain some fines-depleted gas-segregation pipes (Buenavista et al. 1995). The 
pyroclastic flow deposits are thickly developed along the northern flank of the Mt 
Matutum volcano, where they have ponded against the southern flank of the eroded 
Tampakan volcano at the drainage divide of the west-flowing Tapian river and east-
flowing Buayan river. These flow deposits are buried under extensive pyroclastic deposits 
that comprise unconsolidated sandy tephra dominated by fragmented plagioclase and 
hornblende crystals, and by pebble- to rare cobble-size pyroclasts of vesiculated, light-
coloured hornblende-andesite and dense, dark-coloured hornblende-feldspar-andesite 
porphyry. Additional recent Quaternary volcanic activity produced an -500 metre wide 
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volcanic maar on the southern flank of the Tampakan volcano that comprises an exposed 
tuff-ring (Plate 8), tuffaceous mudstone sediments and accretionary lapilli. 
3.4 STRUCTURAL SETTING OF THE TAMP AKAN DISTRICT 
A combination of district-scale geological mapping by A. Buenavista and A. Ignacio 
(Figure 3.2) and structural interpretation of the district from digital topographic datasets 
(Figure 3.2 - this study), has allowed the timing of structures within the Tampakan 
district to be linked with regional-scale tectonic events in southern Mindanao described in 
Chapter 2. 
3.4.1 1st Order Strike-Slip Faults Related to the Cotabato Fault Zone 
The Tampakan district lies wholly encapsulated within the 100 km wide, left-lateral 
strike-slip deformation zone of the Cotabato Fault. This zone of deformation comprises at 
least seven major faults at the longitude of the Tampakan district. Two of these strands of 
the Cotabato Fault zone, the northwest- to NNW-striking Buayan and Alip River faults 
(Figure 3.2), transect the Tampakan district. Although the Cotabato Fault Zone has a long 
displacement history that extends back to at least 20 Ma (Chapter 2), individual fault 
strands, such as the Buayan and Alip River faults, may be younger components of this 
wrench fault system. 
3.4.2 Thrust Faults Related to late Miocene-Pliocene Collision 
The eastern margin of the Tampakan district is bounded by an arcuate, east-verging 
thrust fault (Central Cordilleran Thrust) that broadly controls the arcuate outcrop 
distribution of the southernmost Central Mindanao Cordillera. The Tampakan volcanic 
sequence lies in the hanging wall to this thrust, which is buried beneath sediments along 
the western margin of the Sarangani basin. This thrust fault (depicted on the 1 :800,000 
scale Neotectonic Map of Mindanao island; Pubellier et al. 1993) is one of a family of 
similarly oriented thrust faults thoughout southeastern Mindanao (Quebral et al. 1996 and 
Figure 3.1). Outcrop distribution and a structural interpretation of digital terrain data with 
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an east-to-west-oriented digital illumination enhancement reveal that a subsidiary, 
convex-to-east thrust-like lineament occurs in the hanging wall of the "Central 
Cordilleran Thrust" and crosscuts the eastern margin of the Tampakan volcano (Figure 
3.2). This prominent arcuate topographic lineament, the Mal River Thrust, is a subsidiary 
roof-thrust which has juxtaposed early Miocene basalts and intercalated limestones of the 
Sulop Formation, on the northeast margin of the Tampakan volcanic centre, against late 
Miocene to early Pliocene basaltic conglomeratic sediments and limestone lenses. The 
preserved Tampakan Andesite Sequence (Figure 3.2) is present along the northern, 
southern and western quadrants of the Tampakan volcano but is absent along the eastern 
flank of the volcano, where conglomeratic sediments of the Sarangani basin are exposed 
at ~500-900 metres elevation immediately east of the Mt Magolo Dome. A lack of 
preservation of the Tampakan Andesite Sequence in this region may reflect deeper 
erosion of the eastern flank of the volcano due to syn-volcanic tilting and uplift along the 
Mal River and Central Cordilleran thrust faults. 
3.4.3 Syn-Collision Folding and Uplift 
Ramp-anticline folds of early Pliocene age that developed in response to collision in 
southeastern Mindanao are abundant throughout the Pacific Cordillera of eastern 
Mindanao and in southeastern Mindanao (Quebral et al. 1996). The Miocene volcanic-
sedimentary strata of the Tampakan district are affected by one of these arc-parallel, 
NNW-striking, cordillera-wide (15-20 km) anticlines. This ramp-anticline developed in 
the hanging wall of the Central Cordilleran Thrust (Figure 3.2) in response to eastward-
directed thrusting. The anticline is cored by early to middle Miocene volcaniclastic 
sediments, submarine basaltic breccias, basalt porphyry and interbedded limestone lenses 
of the Sulop Formation (§3.3.1). 
The middle Pliocene Cycle 4a rocks of the Tampakan Andesite Sequence erupted with 
angular unconformity (Figure 3.4) onto the folded early Miocene Sulop Formation 
(Figure 3.2). This broadly constrains much of the thrust-related folding in the Tampakan 
district to be older than the middle Pliocene. The erosional removal of the late Miocene 
Cycle 1 and Cycle 2 lower Tampakan Andesite Sequence from the eastern portion of the 
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district suggests that it may have been uplifted along thrust faults and by ramp folding, 
and then rapidly eroded. This implies that thrust faulting and associated ramp-anticline 
folding in the Tampakan district occurred after the late Miocene. 
3.4.4 NE-trending Dilational Faults in the Mindanao-scale Cotabato Wrench Fault 
Zone 
Several prominent NE-trending faults within the Tampakan district are concentrated 
along a corridor that transects the Tampakan volcano (Figure 3 .2). These faults are 
expressed as topographic lineaments (Figure 3 .3) and are sub-parallel to the smaller 
NNE- and NE-trending Pula Bato and Lawit Fault zones that partly control the 
distribution of high-sulphidation epithermal mineralisation within the Tampakan deposit. 
These NE-trending faults are interpreted to be dilational in character, consistent with 
regional evidence in Mindanao for extension along NE-trending structures that lie within 
or near the Cotabato Fault Zone. The Cotabato Fault Zone locally displays two principal 
orientations of fault segments that may represent conjugate fault sets (Figure 2.15). These 
are the principal NW and WNW fault segments and the shorter, linking second-order NE-
trending faults. Many of the east-west to NE-trending second-order conjugate fault 
segments lie in an orientation that would be dilational or transtensional. Evidence for 
dilation along several of these structures include the NE-trending northern margin of 
Lake Lanae which is undergoing rapid extension and subsidence, and its' association 
with numerous 060°-080°-trending normal faults (Pubellier et al. 1991). Within the 
Cotabato Fault Zone, the NW margin of Lake Buluan is a NE-trending lineament that may 
be an extensional fault margin to the lake (Figure 3.2). 
3.4.5 Regional Controls on Location of the Tampakan Volcanic Centre 
On a regional-scale, the principal Quaternary volcanic centres of Mt Apo, Mt Matutum 
and Mt Parker in the eastern Daguma Range, are all located on, or very close to, major 
strands of the Cotabato Fault Zone (Figure 2.15). This implies that strike-slip strands of 
the Cotabato Fault are crustal-scale fracture discontinuities that channel magmas from 
the lower crust. The location of the late Miocene to Recent Tampakan succession of 
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volcanic centres (which includes Mt Matutum), all of which overlap another principal 
strand of the Cotabato Fault Zone, the Buayan Fault (Figure 3.2), implies that this 
regional control also applied to the Tampakan-Matutum volcanic complex. 
On a local-scale, the middle Pliocene Cycle 4a Tampakan volcanic centre is situated at 
the junction of two additional structural features. It is centred over a northeast trending 
zone of anomalously clustered faults (lineaments in topographic datasets; Figure 3.2) that 
are interpreted in §3.4.4 to be dilational in character. It is also centred over the hinge of 
the underlying ramp anticline. The anticline is likely to have affected a significant section 
of the upper crust and may have assisted in focussing magma ascent at shallow crustal 
levels. 
3.5 CONCLUSIONS 
The principal features of the Tampakan district relevant to this study are: 
• The district is centred on a deeply eroded middle Pliocene stratovolcanic centre 
that overlies several progressively older, sequentially built and eroded, andesitic 
stratovolcanoes. The Tampakan deposit lies on the western flank of this volcanic 
complex. 
• On a regional scale, the Tampakan volcanic centre and other younger volcanic 
centres in southern Mindanao are spatially controlled by the distribution of 
crustal-scale strands of the Cotabato wrench fault. At upper crustal levels, the 
principal controls on magmatism may also include the collision-stage ramp-
anticline fold axis. Deposit-scale controls on hydrothermal fluid access and 
mineralisation appear to be volcano-scale, northeast-trending faults that lie along 
an extensional orientation with respect to the regional Cotabato Fault Zone. 
• The basal late Miocene portion of the Tampakan volcanic centre and its older 
basement sequence were affected by ramp-anticline folding and thrust faulting 
whereas a younger phase of volcanism (middle Pliocene) erupted unconformably 
onto this deformed basement. Volcanism in the district overlaps the interval of 
crustal compression and deformation that extended from the late Miocene to 
middle Pliocene (Chapters 2 and 4). The early Pliocene timing of thrust 
Chapter 3 Volcanic, Stratigraphic and Structural Setting of the Tampakan District in 
Relation to the Southern Philippines Tectonic Framework. 
86 
deformation in the Tampakan district (this study), is coeval with the accretion of 
the southern portion of the Pacific Cordillera against southeastern Mindanao 
(Lallemand et al. 1998), and with the interval between cessation of Sangihe and 
Halmahera subduction at this latitude and the initiation of new subduction thrusts 
that formed the Philippine and Cotabato trenches (Chapter 2). 
• Thrust faulting along the western margin of the district was active during eruption 
of a significant portion of the Tampakan Andesite Sequence, and allowed deeper 
erosion of the Cycle 2 (late Miocene, Chapter 4) Tampakan volcanic edifice along 
its eastern flank. 
• Northeast-trending structures in the district, which transect the volcanic centre and 
partly control mineralisation, are interpreted to be dilational faults consistent with 
the stress field that produced the regional-scale Cotabato wrench fault system. 
• The Tampakan district has experienced a structural evolution from early to late 
Miocene wrench deformation on strands of the Cotabato Fault Zone plate 
boundary, to early Pliocene distributed intraplate, thrust-dominated deformation 
during arc-collision, and thence to post middle Pliocene thrust deformation that 
was focussed at new subduction zones. Despite the evolution in upper-crustal 
deformation style, the far-field compressive cr1 stress orientation appears to have 
been relatively constant throughout this period. The principal compressional 
structures (ramp-anticline and thrust faults), extensional structures (NE-trending 
faults), and strike-slip structures (Buayan and Alip River sinistral strike-slip 
faults) in the district all lie in orientations consistent with a regionally and 
temporally stable east-west-oriented principal stress axis ( cr1) that matches the 
likely late Miocene to middle Pliocene plate convergence vector. These 
relationships are illustrated by the similarity in orientation of the principal 
compressional and extensional structures shown in Figures 3.2 and 3.6. 
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Figure 3 .6. The orientation of compressional and extensional structures associated with a major 
WNW sinistral wrench fault system (modified from Park, 1988) are illustrated above. The entire 
Tampakan District lies within the 100 km wide Cotabato strike-slip fault system that has been a 
major crustal-scale wrench fault from the early Miocene to the middle Pliocene. All of the 
principal compressional, extensional and strike-slip structures in the Tampakan district (Figure 
3.2) are oriented according to the same regional cr1 stress field (ENE-WSW compression) that is 
consistent with a WNW-ESE oriented sinistral wrench fault system. The structures developed in 
a stress regime where the principal stress axis ( crl) was relatively stable in orientation, both 
during strike-slip deformation prior to the collision event, and during thrust deformation 
synchronous with the collision event. The principal sinistral strike-slip fault strands are the 
WNW-striking Buayan and "Alip River" Fault Zones (Figure 3.2) that are two of seven 
recognised regional structures related to the Cotabato Fault Zone. The compressional structures 
in the Tampakan district are northwest-trending thrust faults along the eastern edge of the district 
("Central Cordilleran Thrust") and the northwest-trending ramp-anticline within the basement to 
the Tampakan Volcano. The major extensional structures are widespread northeast to NNE-
trending lineaments that transect the district. 
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Plate 1 
Late Miocene to early Pliocene conglomeratic sediments along the eastern 
margin of the Cotabato basin, thrust eastward against the late Miocene 
Tampakan Andesite Sequence. 
Plate 3 
Silicified and oxidised boulders of pyritic, advanced-argillic and silica-altered 
andesite of the Tampakan Andesite Sequence transported from the deposit 
environs by the Pula Sato creek. 
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Plate 2 
West-dipping flow units of the Tampakan Andesite Sequence along the 
western flank of the eroded late Miocene to Pliocene Tampakan volcanic 
centre. 
Plate 4 
Outcrop of massive hydrothermal silica and silica-clay advanced-argillic 
alteration near Pula Sato. 
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Plate 5 
View looking west along the Tapian river toward the !snip hydrothermal silica 
bodies within the Buayan Fault valley . 
Plate 7 
Thickly bedded air-fall cry st al lapilli t uff along a road cutt ing bet ween 
Barangays' Tablu and Miasong, deposited during the 2000 year old eruption 
of Mt Matutum. 
; .... 
Plate 6 
Four high-level, conical-shaped intrusive plugs of Pleistocene-age andesite 
and dacite that intrude sediments of the Cotabato Basin immediately west 
of the Mt Matutum volcano . 
Plate 8 
Finely interlayered tuffaceous ash and siltstone forming a luff-ring around 
the margins of the young Akbang maar, located between Tablu and 
Miasong. 
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Chapter 4 Temporal Linkage of the District Geology to the Tectonic Framework 
by K-Ar, 40Ar-39 Ar and U-Pb Geochronology 
CHAPTER4 
TEMPORAL LINKAGE OF THE DISTRICT GEOLOGY TO THE 
TECTONIC FRAMEWORK BY K-Ar, 40Ar-39 Ar AND 
U-Pb GEOCHRONOLOGY 
4.1 INTRODUCTION 
93 
Geochronological studies were conducted on magmatic hornblende, biotite and zircon, 
on hydrothermal alunite, sericite and biotite, and on three limestone units in the district, in 
order to link the evolution of petrochemistry and magmatic physico-chemical properties 
(Chapters 5 and 6) with the rapidly evolving tectonic geodynamic framework of 
Mindanao. The isotopic dating techniques utilised K-Ar total fusion, 40Ar-39 Ar step-
heating and 238U-206Pb zircon dating by LA-ICP-MS, plus correlation of limestone 
87Sr/86Sr with the secular variation of 87Sr/86Sr in Neogene seawater. The principal aims 
of this geochronology study are: 
a) to use radiometric ages of certain lithological units to place age brackets on stages of 
uplift, erosion, sedimentation, folding and faulting within the Tampakan district; 
b) to tightly constrain the collective duration and the timing of individual stages in the 
petrochemical evolution of the Tampakan magmatic system leading up to and 
following ore mineralisation; 
c) to determine whether the shallower high-sulphidation mineralisation and the deeper 
porphyry-stockwork-style Cu-Au mineralisation are coeval facies of the same 
mineralisation event, or whether they are fortuitously juxtaposed products of 
diachronous, discrete mineralisation episodes. 
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Forty-four radiometric ages were determined from 28 rock samples by a combination of 
the listed techniques. An additional 144 isotopic ages were determined on two sets of 
detrital zircon grains collected from streams that were draining the upper and lower 
western flank of the Tampakan volcanic centre. The first part of this chapter discusses the 
K-Ar and 40Ar-39 Ar dating procedures and age interpretations, followed by a discussion 
of the zircon U-Pb LA-ICP-MS isotopic dating procedure and age interpretations. The 
geological significance of the age dates obtained using all isotopic dating schemes is 
discussed in the second part of this chapter, together with conclusions for the timing of 
tectonic collision and uplift within the region, and the temporal relationship between 
porphyry-copper and high-sulphidation-epithermal copper-gold mineralisation. 
4.2 K-Ar AND 40Ar-39 Ar SAMPLE SELECTION AND PREPARATION 
Volcanic and intrusive igneous rocks selected for radiometric dating were chosen to 
represent the principal magmatic units within the district and to bracket porphyry Cu-Au 
mineralisation and high-sulphidation epithermal Cu-Au mineralisation. In addition, 
porphyry-stage hydrothermal biotite and high-sulphidation-stage alunite and sericite were 
directly dated by the K-Ar and/or 40Ar-39 Ar dating techniques. Table 4.1 lists the dated 
igneous and hydrothermal mineral phases. 
Magmatic hornblende and biotite phenocrysts were separated from the freshest 
available surface outcrops and drillcores. In several cases, the samples display weak 
propylitic alteration, with minor calcite + chlorite + epidote development in the 
groundmass, and incipient sericitisation of plagioclase phenocrysts. Hornblende 
phenocrysts are unaltered in the selected samples. Biotite phenocrysts from one sample 
(EA049678) display minor chlorite alteration along grain rims. Samples weighing 
between one and four kilograms were initially crushed to <600 µm, sieved, and washed. 
Biotite and hornblende phenocrysts were pre-concentrated in a Carpco magnetic drum 
separator, followed by heavy-liquid gravity separation in tetrabromoethane and methylene 
iodide, and subsequent magnetic concentration on a Frantz isodynamic magnetic 
separator. Final hand-picking maximised mineral purity, by removal of contaminant and 
composite grains, prior to K-Ar dating and/or irradiation for 40Ar-39 Ar dating. 
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Table 4.1 Samples dated by K-Ar total fusion and 40Ar-39 Ar step-heating. 
Sample No. Unit I Alteration Stage Mineral %Kt Purity Grain Size Technique 
(%) (µm) 
MAGMA TIC EVENT 
EA043207* TAS1 (Cycle 2) Hornblende 0.60% 99% 180-250 40Ar_39Ar 
EA049678* TAS1 (Cycle4) Hornblende 0.59% 99% 125-250 40Ar_39Ar 
Biotite 5.44% 98% 600-2000 K-Ar 
Biotite 6.52% 98% 180-2000 40Ar_39 Ar 
EA043212* Diorite Dyke Hornblende 0.67% 98% 090-180 40Ar_39 Ar 
Biotite 7.54% 99% >180 40Ar_39Ar 
EA043223* Diorite Stock Biotite 98% 420-600 40Ar_39Ar 
EA043206* Diorite Dyke (PM) Hornblende 0.77% 95% (P) 180-250 40Ar_39Ar 
EA043214 Logdeck Andesite (PM) Hornblende 0.47% 98% 090-250 K-Ar 
Hornblende 0.47% 98% 090-250 40Ar_39Ar 
EA043204 Nun Guon Plug (PM) Hornblende 0.60% 98% 106-250 K-Ar 
Hornblende 0.60% 98% 106-250 40Ar_39 Ar 
Whole Rock 1.71% 100% 250-420 K-Ar 
ALTERATION EVENT 
EA043221 Advanced Argillic Al unite 4.02% 88% (Q) 90-125 K-Ar 
EA043226 Advanced Argillic Alunite 3.68% 63% (Q) < 40 K-Ar 
EA043227 Advanced Argillic Alunite 2.87% 62% (Q) < 40 K-Ar 
EA043753 Argillic Alteration Seri cite 5.79% 75% (Q) -2-20 K-Ar 
Seri cite 5.79% 75% -2-20 40Ar_39 Ar 
EA043717 Argillic Alteration Seri cite 5.05% 75% (Q) -2-20 K-Ar 
Sericite 5.05% 75% -2-20 40Ar_39 Ar 
EA043224 Potassic Alteration Biotite 6.16% 90% (C) 63-90 K-Ar 
Biotite 6.16% 90% (C) 63-90 40Ar_39Ar 
EA043225 Potassic Alteration Biotite 90% (C) 63-90 40Ar_39Ar 
*=Samples also dated by laser-ablation zircon 238U-206Pb dating (see Table 4.7). 
TAS 1 - Tampakan Andesite Sequence (see Figure 3.4 [Chapter 3] for stratigraphic relationship of Cycles 
1-5). PM= Post-Mineralisation. Contaminant phases: P-pyroxene, Q-quartz, C-chlorite. 
t% K by electron microprobe. 
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Hydrothermal sericite < 20 µm in grain-size was concentrated from silica + pyrite-rich 
rocks by the use of a differential flotation technique which exploited the plate-like habit 
of the sericite grains and their slower settling velocity. Alunite was extracted from 
alunite-quartz-pyrite-covellite veins by using a high-speed dental drill and by heavy liquid 
separation. The density and magnetic properties of fine-grained hydrothermal biotite and 
chlorite significantly overlapped. Hence fine-grained hydrothermal biotite was 
concentrated from a biotite-chlorite mixture by usmg a continuous liquid 
density gradient wherein tetrabromoethane was progressively diluted by acetone. Final 
concentration of hydrothermal biotite, to 90% purity, was made on a Frantz isodynamic 
magnetic separator. 
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4.3 K-Ar AND 40 Ar-39 Ar DATING PROCEDURES 
4.3.1 K-Ar Dating Procedure 
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The basis of the K-Ar dating technique is the 4°K ~ 40Ar branch of the dual 4°K to 40Ar 
and 4°Ca decay chain. The half-life of 4°K is 1250 million years. The accumulation of 
radiogenic 40 Ar (40 Ar*) from an ideal starting point of no 40 Ar* at time zero (where to = 
time of mineral closure to argon diffusion), allows the K-Ar chronometer to be a 
fundamental dating tool for crystallisation ages of potassium-bearing minerals found in 
rapidly quenched volcanic and high-level intrusive rocks. The general principles of K-Ar 
dating are discussed in detail by Dalrymple and Lanphere (1969). 
Potassium determinations were made by an IL443 flame photometer, following the 
procedure of Cooper (1963). Duplicate mineral dissolutions and potassium analyses were 
made on mineral splits of all samples, with precision being better than 1 % in six of the ten 
samples. A minimum coefficient of variation of 0. 7 % was used in computations in cases 
where the variation was less than 0.7 %, in order to reflect the long-term average 
precision of potassium analyses. Argon determinations were made separately using three 
ultra-high-vacuum argon extraction lines. Aliquots of mineral sample were weighed into 
clean, degassed molybdenum buckets, sealed within graded metal-to-glass bake-out 
bottles on the ultra-high-vacuum line, and baked overnight at ~ 110°C to drive off loosely 
bound atmospheric argon contamination from the crystal surfaces. The sample weights 
used for the argon analyses are listed in Table 4.2. Argon was extracted from the samples 
by radio-frequency induction heating at temperatures > 1200°C for hornblende, biotite 
and alunite, and at ~1580°C for sericite. The extracted gas was purified on Cu and Ti 
getter furnaces at 650°C and 800°C respectively, after being spiked with an aliquot of 
38 Ar tracer gas. The sample gas was transported via liquid nitrogen cold-traps to 
isolatable branches in the gas line and split. Each of the two equilibrated aliquots of gas 
from each sample were run in succession in a AEI™ MS-10 mass spectrometer. Analyses 
were acquired and processed with an online data-acquisition and reduction software 
package called KArDate run on a Macintosh computer. 
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The procedures used for 40 Ar-39 Ar dating are similar to those described in detail by 
McDougall and Harrison (1999), and are briefly summarised below. The principal 
advantages of the 40 Ar-39 Ar dating technique are four-fold. Firstly, potassium and argon 
analyses are conducted on the same sample aliquot, thus minimising problems of sample 
inhomogeneity. Secondly, ratios of Ar isotopes can be determined with greater precision 
than separate determinations of potassium and argon, and consequently, a more precise 
age may be achieved. Thirdly, age determinations are made on smaller sample volumes as 
a result of microanalytical techniques developed for noble-gas mass-spectrometers. These 
techniques include operation in static mode (Reynolds 1956), use of ultra-high-vacuum 
lines resulting in lower blanks, and use of electron-multiplier detector systems for signal 
enhancement (McDougall and Harrison, 1999). Fourthly, a series of apparent ages are 
obtained by incrementally step-heating the sample, and measuring the isotopic ratios of 
argon isotopes released during each heating step. This feature reveals information about 
geological processes that are unobtainable using the total fusion K-Ar dating technique. 
Mineral samples were irradiated in position X33 at the HIF AR heavy-water-moderated 
reactor of the Australian Nuclear Science and Technology Organization at Lucas Heights, 
New South Wales. Position X33 is located in an irradiation channel next to the core of 
the reactor. Biotite and sericite samples were packaged in aluminium foil packets, which 
in turn were packaged in a silica tube and an outer cadmium liner to minimise exposure of 
the samples to slow neutrons. The sample packages were alternated with packets 
containing the GA1550 biotite fast-neutron-fluence monitor (McDougall and Roksandic, 
197 4) in order to determine the total integrated neutron flux for each sample. Samples of 
a synthetic potassium-rich glass were inserted at each end of the silica glass tube to 
enable measurement of the (40Ar/39 Ar)K correction factor and to monitor any leakage of 
slow (thermal) neutrons through the extremities of the cadmium liner. The entire package 
was wrapped in aluminium foil and packed in an outer aluminium vessel (Can ANU-65). 
The six volumetrically larger hornblende samples were encapsulated in cylindrical 
aluminium canisters. Hornblende grains within these canisters were packed around a 
smaller, central aluminium canister that contained the GA1550 fluence monitor. The six 
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hornblende-bearing canisters, together with two additional canisters on the ends loaded 
with K-glass and a calcium fluoride salt (CaF2), were packed into a second outer 
aluminium vessel (Can ANU-66). The samples were irradiated for 48 hours. The 
orientation of the container vessels was reversed three times at 12-hour intervals in order 
to minimise gradients in the integrated neutron flux through the samples. Synthetic 
Corning K-glass was irradiated to correct for the production of 40Ar from 4°K by thermal 
neutrons, as the 0.2 mm thick cadmium liner does not screen out 100% of the slow 
neutrons (<0.1 MeV; McDougall and Harrison, 1999). CaF2 crystals were irradiated in 
the hornblende-bearing container vessel to determine the production ratios of 
(36 Ar/37 Ar)ca and (39 Ar/37 Ar)ca from 4°Ca. This enabled determination of the neutron-
induced generation of 36Ar and 39 Ar in the Ca-bearing (- 11-12% CaO) hornblende 
samples, by reference to the 37 Ar abundance whose only significant source is from fast 
neutron interaction with 4°Ca. 
The samples were isolated to cool for 6-8 weeks after irradiation, weighed into tin foil 
packets and loaded into a vacuum line connected to a resistance heating furnace. The 
vacuum line was baked over a 24-48 hour period at - 190°C prior to sequential step 
heating experiments. Each sample was dropped into a molybdenum liner within a 
tantalum crucible which is surrounded by a resistance heater and degassed at -500°C 
prior to commencement of the first step-heating run. The early released gases and 
volatilised tin foil packets were pumped out of the ultra-high-vacuum (UHV) line by a 
turbomolecular pump and an ion-pump. Between 12 and 18 step-heating argon 
extractions were conducted on each of the 13 samples. Each extraction occurred over a 
15 minute interval at the chosen temperature. The argon gas released during each heating 
step was stripped of reactive gases on zirconium-aluminium getters prior to expansion of 
the purified gas into a VG Isotopes MM 1200 mass spectrometer. The spectrometer was 
operated in static mode, and argon-isotope measurements were conducted on 36 Ar, 37 Ar, 
38Ar, 39 Ar and 40Ar. Data were acquired and reduced using an online Macintosh computer 
running the KArDate software program. 
The irradiation parameter - (J), was determined by single-step fusions of the GA1550 
biotite fluence monitors at l 320°C. Two analyses were made on GAl 550 biotite from 
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each level of the irradiated glass tube and aluminium canister. The parameter (J) for each 
unknown sample was evaluated by interpolation of the value determined by analysis of 
the adjacent GA1550 fluence monitors. The value of (J) for each fluence monitor was 
calculated using equation ( 1 ), after calculating the 40 Ar* ;39 ArK ratio in the gas extracted 
from each fluence monitor. The age of the fluence monitor is t = 98.8 ± 0.5 Ma for biotite 
GA1550 (McDougall and Roksandic, 1974; Renne et al. 1998), and the decay constant 
for 4°K is/...,= 5.543ff10• 
J =[(exp /...,t)- 1] I [40Ar*!39 ArK] eq. 1 
The correction factor (40 Ar/39 Ar)K was derived by measurement of this ratio from 
duplicate analyses of the irradiated samples of synthetic K-glass, which were located at 
either end of the irradiated canister. The (40 Ar/39 Ar)K correction factor ranged between 
0.0323 and 0.0458 in Can ANU-65 and between 0.0246 and 0.0652 in Can ANU-66. 
The uncertainty in the value of (J) was assigned a value of 0.4 %. 
The Ca correction factors (36Ari37Ar = 3.5E-4 and 39 ArP7Ar == 7.86E-4) that were 
applied to the biotite and sericite samples analysed from Can ANU-65 reflect the long-
term average values obtained by other workers from previous irradiations of those 
minerals at the Lucas Heights facility. The Ca correction factors used for the six 
hornblende samples were based on (36 Ar/37 Ar)ca and (39 Ar/37 Ar)ca determined on samples 
of CaF2 which were irradiated in Can ANU-66 (Appendix Al). The Ca correction factors 
were derived for the hornblende samples by interpolation of the factors determined on the 
two CaF2 samples that where placed at either end of irradiation can ANU-66. These 
correction factors ranged from 3 .490E-4 to 3 .3 70E-4 for (36 Ar/37 Ar )ca, and from 
7.030E-4 to 7.160E-4 for (39 Ar/37 Arka· 
4.4 RESULTS 
Potassium-argon age data are presented in Table 4.2, whereas 40 Ar-39 Ar results are 
listed in Table 4.3. Analytical data for all 40Ar-39 Ar step-heating runs are tabulated in 
Appendix A2. In Figures 4.1 to 4.4 and Figure 4.6, the apparent age of argon released 
from each heating step, and the mean K/Ca ratio for each step, are plotted against the 
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cumulative 39 Ar released. K-Ar and 40Ar-39 Ar errors are reported at one standard 
deviation and include the 0.4% error in the J parameter. For the step-heating experiments, 
the total-fusion ages were calculated by adding up all the ages and errors for each step, 
and weighting them according to the fraction of 39 Ar released. For the reported plateau 
ages, each step in the plateau was weighted according to the inverse of its variance from 
the mean, thus providing a weighted mean age. 
Several combinations of criteria have been applied by previous workers for the 
definition of a plateau in an age spectrum (Dalrymple and Lanphere, 1974; Fleck et al. 
1977; Berger and Yorke, 1981). Most of these schemes involve at least three successive 
steps with ages concordant at the 95% confidence interval, and with the stipulation that 
the steps of the plateau comprise a significant proportion of the total 39 Ar release (>30 %) 
(McDougall and Harrison, 1988). However, many workers have also realised that strict 
adherence to a particular plateau definition scheme may in some cases yield erroneous or 
biased age interpretations due to a multiplicity of factors that influence the relative 
contributions of Ar released from various sites or sources during a sequential step-heating 
experiment. For example, structural changes of some hydrous minerals, such as 
delamination of biotite, that occur during vacuum heating (Zimmerman 1972) can lead to 
an instrument-induced homogenisation of the apparent ages of sequential steps, due to 
physical exposure of retentive and non-retentive lattice sites by the mechanical increase in 
surface area induced by in vacuo heating. An apparently undisturbed age plateau may be 
recorded, despite a sample possessing an argon gradient due to post-crystallisation Ar 
loss (e.g., Harrison et al. 1985) or addition by geological processes. Thus erroneous 
plateau ages may be obtained from hornblende and biotite samples (e.g. Lee et al. 1991; 
Gaber et al. 1988). These factors highlight the requirement, in some circumstances, to be 
flexible when defining age plateaux, and to continually feed back relevant geological and 
field relationships during interpretation of age spectra. 
In 12 of 13 samples dated by 40 Ar-39 Ar in this study, the minimum criteria for a plateau 
were met, based on the criteria used by Isoplot (Ludwig 1993, 1998) as specified in (a) to 
(e) below, and a user-defined minimum limit of 30% for 39 Ar release. 
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a) Three or more contiguous steps that comprise > 30% of the total 39 Ar released. 
b) The probability-of-fit of the weighted-mean age of the steps is greater than 5%. 
c) The slope of the error-weighted line through the plateau ages is not different from 
zero at 5% confidence. 
d) The ages of the outermost 2 steps for either side of the plateau are not significantly 
different (at l .8cr) than the weighted-mean plateau age (for 6 or more steps). 
e) The outermost two steps for either side of the plateau must not have nonzero slopes (at 
l.8cr) with the same sign (for 9 or more steps only). 
Table 4.2 K/Ar data and apparent ages of magmatic hornblende and biotite from the Tampakan 
district, and of hydrothermal biotite, sericite and alunite from the Tampakan ore deposit. 
Field No. AND Lab. No. Mineral Weight %K 40Ar* ± 40Ar*E 40Ar* Age 
(g) x 10-12 mol g-1 (%) Ma±lcr 
MAGMA TIC EVENT 
Nun Guon Plug 
EA043204 00-344 Whole-Rock 3.1808 1.705, 1.708 2.026 ± 2.74% 12.0 0.68± 0.02 
EA043204 00-345 Hornblende 2.5373 0.596, 0.595 0.613 ± 2.76% 6.5 0.59± 0.02 
Logdeck Andesite 
EA043214 00-346 Hornblende 2.6239 0.467, 0.469 1.160 ± 2.15% 9.4 1.43± 0.03 
Cycle4a TAS 
EA049678 00-347 Biotite 0.3427 5.251, 5.620 32.59 ±1.41% 12.5 3.45 ± 0.18 
HYDROTHERMAL EVENT 
Porphyry-Stage Potassic Alteration 
EA043224 00-348 Biotite 0.3557 6.211 , 6.109 41.36±1.98% 20.2 3.87±0.09 
High-Sulphidation Epithermal Argillic Alteration 
EA043753 00-349 Sericite 0.4004 5.826, 5.748 34.30 ± 0.63% 26.3 3.41±0.05 
EA043717 00-350 Sericite 0.4126 5.054, 5.048 30.42 ± 0.79% 25.5 3.47± 0.05 
High-Sulphidation Epithermal A/unite Alteration 
EA043221 00-352 Al unite 1.3304 4.022, 4.024 22.88 ± 1.38% 14.5 3.28± 0.06 
EA043227 00-353 Al unite 0.8753 2.870, 2.864 18.21±0.74% 16.9 3.66± 0.05 
EA043226 00-354 Alunite 0.9508 3.644, 3.613 23.16 ± 2.36% 8.2 3.63±0.10 
3.719, 3.739 
40Ar* ± 40Ar*E = Radiogenic Ar and its error (lcr) 
40 Ar* = Radiogenic 40 Ar as a percentage of total 40 Ar. Abbreviations: TAS - Tampakan Andesite Sequence. 
A.(40K.,) + A.'(40K.,) = 0.581 ·10-10 yr-1, A.(4°K13- ) = 4.962· 10·10 yr-1, 40K/39K = 0.000125 (Steiger and Jager 
1977). 
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Table 4.3 Summary of 40Ar!39 Ar age data from magmatic hornblende and biotite from the 
Tampakan district and for hydrothermal biotite and sericite from the porphyry and high-
sulphidation alteration stages in the Tampakan deposit. 
Field No. ANU Lab. No. Mineral Weight Total Fusion Age 
(mg) (Ma± 1 sd) 
MAGMATIC EVENT 
Nun Guon Plug 
EA043204 00-345 Hornblende 213.65 0.64 ± 0.13 
Logdeck Andesite 
EA043214 00-346 Hornblende 150.83 1.61±0.20 
Cycle4a TAS 
EA049678 (flow) 00-359 Hornblende 148.85 4.15 ± 0.24 
EA049678 (flow) 00-347 Biotite 18.54 3.79 ± 0.16 
EA043212 (dyke) 00-360 Hornblende 128.95 4.10 ± 0.29 
EA043212 (dyke) 00-355 Biotite 20.71 3.76 ± 0.05 
EA043223 (stock) 00-356 Biotite 19.82 3.58 ± 0.11 
EA043206 (dyke) 00-362 Hornblende 148.74 4.90 ± 0.29 
Cycle2 TAS 
EA043207 (flow) 00-361 Hornblende 144.14 6.43 ± 0.24 
HYDROTHERMAL EVENT 
High-Sulphidation Epithermal Argillic Alteration 
EA043753 00-349 Sericite 30.14 3.65 ± 0.05 
EA043717 00-350 Sericite 20.47 3.70 ± 0.09 
Porphyry-Stage Potassic Alteration 
EA043224 00-348 Biotite 20.93 4.12 ± 0.11 
EA043225 00-358 Biotite 18.92 4.17 ± 0.10 
Plateau Age* 
(Ma± 1 sd) 
0.59± 0.03 
1.47± 0.05 
3.93± 0.04 
3.92± 0.04 
3.74±0.07 
3.76 ± 0.01 
3.38±0.02 
3.10±0.09 
6.36± 0.03 
3.23± 0.03 
3.34± 0.05 
4.24± 0.02 
4.26± 0.02 
Plateau 
(39 Ar)-Steps 
(85%) - 7 
(94%) - 10 
(94%)- 9 
(40%)- 6 
(54%)- 3 
(51%)- 3 
(22%)-2 
(92%) - 7 
(35%)-4 
(33%)-4 
(88%)- 10 
(52%)-4 
*Plateau Age = Mean age. Each step is weighted by the inverse of its variance from the mean. 
Abbreviations: TAS-Tampakan Andesite Sequence. 
Sample EA043212 (biotite) failed to meet these criteria (Table 4.3), however a mean 
weighted age was calculated for a "plateau-like" segment of the age spectra from this 
sample. The age data below are discussed in the order of oldest to youngest. The 
geological significance of the K-Ar and 40 Ar-39 Ar dates are discussed in §4. 7, following 
discussion of additional geochronology data obtained using laser-ablation ICP-MS dating 
of magmatic zircons (§4.5) and 87Sr/86Sr seawater-correlation dating of limestone units in 
the district. The "Cycle 1-5" nomenclature used in the following discussion refers to 
sequential stages or cycles of magmatic activity within the district, several of which are 
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identified using other geochronological and petrochemical techniques presented in the 
latter part of this chapter (Figure 4.20) and in Chapter 5 (whole-rock and zircon trace-
element geochemistry). 
4.4.1 Cycle 2 Tampakan Andesite Sequence 
Sample EA043207 is the oldest sample of the Tampakan Andesite Sequence dated 
using the 40 Ar-39 Ar method. This sample is a weakly propylitically altered andesitic lava 
obtained at 711820 mN, 502120 mE, and 500 metres elevation (Location A - Figure 4.22) 
at the base of the southwest quadrant of the Tampakan volcanic centre. The age spectrum 
contains a well-developed and undisturbed age plateau spanning seven steps (Figure 4.1) 
and accounting for 92% of the released 39 Ar. The weighted mean plateau age of 6.36 ± 
0.03 Ma (lcr) obtained for this sample is concordant with the total fusion age of 6.43 ± 
0.24 Ma. 
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Figure 4.1 40Ar- 39 Ar age-spectrum for sample EA043207. The line width of each box is ±1 s.d. 
from the mean. Shaded steps are those chosen for the plateau age calculation whereas unshaded 
steps are excluded from the plateau age calculation. The total fusion age is the weighted mean of 
all the steps, whereas the plateau age is the weighted mean of the plateau steps. 
Anomalously old apparent ages are obtained from the first eight steps of the step-
heating experiment, with ages decreasing monotonically during the first 8% of 39 Ar 
release. This interval coincides with high K/Ca ratios (Figure 4.1 ). This volcanic unit 
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contains primary magmatic biotite phenocrysts, and while the mineral separate comprises 
~99% hornblende with 1 % pyroxene contamination, it is likely that sub-percent levels of 
intergrown biotite within some hornblende grains, at the sub-grain level, are responsible 
for early release of excess argon during the first 8% of 39 Ar release. The weighted mean 
plateau age of 6.36 ± 0.03 Ma is a reliable estimate of the eruption age of this flow, as the 
hornblende is expected to have cooled through its closure temperature ( ~500°C; Harrison 
1981) almost immediately after eruption. 
4.4.2 Hydrothermal Biotite from the Deep-Level Potassic Alteration Facies 
Dates were obtained on two samples of hydrothermal biotite from the deep potassic 
alteration facies within the Tampakan deposit. The biotite-magnetite-anhydrite-chlorite-
pyrite-chalcopyrite assemblage representative of the early-porphyry-stage potassic 
alteration (Chapter 8) is scarce within the deposit due to overprinting by younger 
alteration facies of the high-sulphidation epithermal mineralisation. The two biotite 
samples were obtained from drillcore in close proximity to each other. Sample EA043224 
(Drillhole Tmpd 8; 489.9-491.65m) was dated by K-Ar and 40Ar-39 Ar, whereas sample 
EA043225 (Drillhole Tmpd 8; 482.2-485.9m) was dated only by 40Ar-39 Ar. Sample 
locations are shown in Figure 4.7. The age spectra for these two samples are shown in 
Figure 4.2a-b. In both samples, the total fusion ages are concordant with the weighted 
mean plateau ages. The plateau age obtained for sample EA043224 is 4.24 ± 0.02 Ma and 
for sample EA043225 the plateau age is 4.26 ± 0.02 Ma. Both of these ages are 
concordant at the level of one standard deviation, and yield a mean age of 4.25 ± 0.01 Ma 
for hydrothermal biotite near the base of drillhole Tmpd 8. 
The K-Ar age obtained for sample EA043224 is 3.87 ± 0.09 Ma and is concordant at 
the level of 2 s.d. with the 40 Ar-39 Ar total fusion age. The significance of these two ages 
that are younger than the mean plateau age requires evaluation. The first few steps of both 
age spectra show anomalously young ages, wherein the first temperature steps to show 
signs of concordant ages occur at 750°C to 760°C. These spectra patterns are indicative 
of 40 Ar loss from the margins of the grains. The lowest-temperature steps between 550°C 
and 750°C record an argon deficit along the grain edges, until diffusion at higher 
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Figure 4.2 40Ar-39 Ar age-spectra for hydrothermal biotite from early porphyry-stage 
potassic alteration in drillhole Tmpd 8. 
temperatures mobilises argon from retentive internal sites in the crystal lattice. Integration 
of all the steps is the cause for the younger 40 Ar-39 Ar total fusion ages compared to the 
weighted mean plateau ages. The simplest interpretation for the lower K-Ar age for 
sample EA043224 is that argon extraction commenced at a lower temperature ( ~ 150°C) 
than for the 40Ar- 39 Ar method (550°C to 650°C), and hence the K-Ar age calculation 
involved integration of argon released at lower temperatures which is sourced from 
crystal margins that had already lost argon. Because hydrothermal biotite typically forms 
at magmatic temperatures down to approximately 375-400°C, the two plateau ages of 
4.24 ± 0.02 Ma and 4.26 ± 0.02 Ma indicate the time at which the biotite cooled below its 
closure temperature of ~280°C ± 40°C (Harland et al. 1989). Consequently these are 
minimum ages for hydrothermal biotite formation during porphyry-copper ore 
mineralisation. 
4.4.3 Cycle 4a Tampakan Andesite Sequence 
Two igneous biotite and two hornblende ages were obtained using 40 Ar- 39 Ar dating on 
samples EA049678 and EA043212. Both these samples represent Cycle 4a of the 
Tampakan Andesite Sequence. This stage of magmatism in the Tampakan volcanic centre 
has been extensively dated using zircon U-Pb geochronology (§4.5). Sample EA049678 
is a hornblende- and biotite-phyric andesitic lava which was collected from a surface 
outcrop located above the eastern portion of the Tampakan drillgrid, at 714600mN, 
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506350mE, and 1090 metres elevation (Figure 4.10). Sample EA043212 comprises a 
biotite- and hornblende-phyric andesite dyke that occurs in drillhole Tmpd 4 7 at 341.60 
metres depth (Figure 4.9). Both of the hornblende age spectra (Figures 4.3a and 4.3c) 
show anomalously old apparent ages in the first few heating steps, a feature which is 
attributed to minor excess 40 Ar contamination along the grain margins (Harrison and 
McDougall, 1980). This excess is common to all six of the dated hornblende samples, and 
accounts for the older total fusion ages compared to the weighted mean plateau ages. 
Sample EA049678 (hornblende) has a weighted mean plateau age of 3.93 ± 0.04 Ma 
(Figure 4.3a), and is concordant at the level of one standard deviation with the weighted 
mean plateau age of 3.92 ± 0.04 Ma obtained from biotite extracted from the same rock 
(Figure 4.3b). The concordance of these two ages implies rapid cooling of the lava flow. 
AK-Ar age of 3.45 ± 0.18 Ma was also obtained for biotite from sample EA049678. This 
younger date suffers from the same effect described above for sample EA043224 - viz., 
incipient chloritisation and Ar loss from grain margins, as evident from low Ar and low 
K/Ca ratios of initial, low-temperature steps (Appendix A2). Thus the accepted age for 
eruption of this andesite flow sequence above the Tampakan porphyry-stage 
mineralisation is taken to be the hornblendes weighted mean plateau age of 3.93 ± 0.04 
Ma, because hornblende has a higher closure temperature than the biotite that was dated 
from the same sample. This is the oldest of 17 age dates obtained for Cycle 4 magmatism 
in the Tampakan volcanic centre. 
Sample EA043212 (Figure 4.3c) comes from a dyke which cross-cuts porphyry-vein-
mineralised andesites in the lower parts of the deposit. These andesites were dated by the 
zircon U-Pb method at 4.76 Ma and 4.39 Ma (§4.5.8), which provide a maximum age for 
this dyke. Hornblende from sample EA043212 has a plateau that spans steps 6 to 16 and 
a plateau age of 3.89 ± 0.05 Ma. However, the age spectrum for this sample shows a 
subtle hint of a saddle-shape, reminiscent of that caused by excess argon in calcic 
plagioclases (Harrison and McDougall, 1981 ), in hornblendes (Richards 1990) and in 
biotite (Foland 1983). Furthermore, this plateau age is discordant at the level of 2 s.d. 
with a mean 40 Ar-39 Ar age on biotite from the same sample (3.76 ± 0.01 Ma; Figure 4.3d) 
and a U-Pb age on zircon (Table 4.7) from the same sample (3.75 ± 0.03 Ma). If steps 6-8 
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Figure 4.3 40 Ar-39 Ar age-spectra for hornblende and biotite phenocrysts from the Cycle 
4a stage of the Tampakan volcanic centre. 
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and 12-16 are discarded due to the possible presence of excess argon then steps 9-11, that 
lie at the base of the saddle and that comprise 54% of the released 39 Ar (Figure 4.3c), 
yield a mean plateau age of 3.74 ± 0.07 Ma. This age is concordant with both the biotite 
and zircon ages. The apparent age obtained from a plateau-like segment at the bottom of a 
saddle-like age spectrum may reach the actual age, however it need not do so if a 
component of excess argon is still recorded by these intermediate temperature steps. The 
concordance between the biotite, zircon and refined hornblende plateau ages suggests 
that the amount of excess argon in the hornblende is insignificant in the three temperature 
steps that comprise the refined age plateau. The accepted age for intrusion of this post-
porphyry-stage dyke is taken to be the weighted mean of the hornblende and biotite 
plateau ages, which yields an age of 3.76 ± 0.01 Ma, being heavily weighted towards the 
biotite age with its lower error. 
Phenocrystic biotite from a small intrusive diorite stock in drillhole Tmpd 57 at 429.80 
m depth (Chapter 8; Figure 8.6) was also dated by 40 Ar-39 Ar. This diorite intrusion, 
sample EA043223, lacks porphyry-stage vein assemblages that are present in the 
surrounding wallrocks at the base of drillhole Tmpd 57, suggesting that it postdates 
porphyry mineralisation. The age spectrum for this sample (Figure 4.3e) yields a weighted 
mean plateau age of 3.38 ± 0.02 Ma, and is concordant with one of the high-sulphidation-
stage sericite samples (EA043717; §4.4.4). 
The youngest sample dated from the Cycle 4a Tampakan Andesite Sequence, sample 
EA043206, is a post-high-sulphidation-stage diorite dyke obtained from drillhole Tmpd 
43 at a depth of 311.25 metres (Figure 4.8). The dyke is a medium-grained, weakly 
chlorite-altered hornblende-diorite that crosscuts massive silica and silica-pyrophyllite-
dickite alteration associated with high-sulphidation mineralisation. The dyke cross-cuts 
andesites which are stratigraphically correlated with andesites in drillhole Tmpd 13 on the 
cross-section 480 metres farther north (Figure 4.7); the andesites have zircon U-Pb ages 
of 3.69 Ma and 3.70 Ma (§4.5.8). Hornblende from the diorite dyke was dated by 
40 Ar-39 Ar (Figure 4.3f). The spectrum defines a plateau over three temperature steps, 
1060°C-1075°C-1085°C, according to the plateau criteria specified above. However, the 
spectrum exhibits a classic saddle-shape, with the early steps displaying anomalously old 
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ages that monotonically decrease to a short, two-step, plateau-like segment and then 
increase again during the release of the final 60% of 39 Ar. This pattern is attributed to 
excess argon within the sample. The significant discrepancy between the total fusion age 
of 4.90 ± 0.29 Ma, which is geologically untenable, and the weighted mean age of 3.10 ± 
0.09 Ma attained from the two youngest concordant steps at the base of the saddle, is 
attributed to the presence of excess argon. While the other dated hornblende mineral 
separates were 98% to 99% pure, the hornblende from sample EA043206 was 95% pure, 
and contained 5% pyroxene contaminants as composite grains that were difficult to 
separate. The nearly monotonic decrease in K/Ca ratio from the base of the saddle 
through to the highest temperature step (Figure 4.3f) is consistent with progressive 
involvement of a potassium-deficient phase, in this case the 5% augite component, as the 
principal source of excess argon within the sample. The "saddle" in saddle-shaped spectra 
affected by excess Ar will give a maximum age for hornblende formation that is often 
close to the "true" age. The zircon U-Pb age for this same diorite dyke (§4.5.8) is 3.04 ± 
0.04 Ma (2cr), and is concordant with the preferred mean age of 3.10 ± 0.09 Ma (lcr) 
obtained by 40 Ar-39 Ar on hornblende. The zircon age is a maximum age, as the zircon 
records growth within the magma chamber immediately prior to dyke intrusion. Hence the 
maximum age for intrusion of this dyke is taken to be 3.04 ± 0.04 Ma. 
4.4.4 High-Sulphidation-Stage Sericite 
Two samples of hydrothermal sericite from the advanced-argillic alteration blanket 
were dated by both the 40Ar-39 Ar and K-Ar methods. Sample EA043753 was collected 
from drillhole Tmpd 62 at a depth of 380-383 metres, adjacent to a zone of intense 
advanced-argillic alteration in the deposit (Figure 4.8). Sample EA043717 was collected 
from drillhole Tmpd 77 at a depth of 320-323 metres (Figure 4.7). Both samples comprise 
a hydrothermal silica-sericite-pyrite-enargite-chalcocite assemblage, and both sericite 
samples display similar age spectra (Figure 4.4a and 4.4b ). The early temperature steps 
display undisturbed plateaux whereas the later steps display monotonically increasing 
ages with increasing temperature. The weighted mean plateau age for sample EA043753 
is 3.23 ± 0.03 Ma (steps 1 to 4) and for sample EA043717 is 3.34 ± 0.05 Ma (steps 2 to 
5). In sample EA043717, the plateau encompasses steps 1 to 6, however steps 1 and 6 
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were excluded on the basis that the lowest temperature step 1 shows high errors and step 
6 may represent the onset of excess argon release that is observed in the higher 
temperature heating steps (steps 6 to 13). The older ages in the higher temperature steps 
of the experiment are reflected in the integrated total fusion age of 3.65 ± 0.05 Ma for 
sample EA043753 and 3.70 ± 0.09 Ma for sample EA043717. 
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Figure 4.4 40 Ar-39 Ar age-spectra for high-sulphidation-stage sericitic alteration. 
The K-Ar ages for both these samples are 3.41 ± 0.05 Ma and 3.47 ± 0.05 Ma 
respectively, and are older than the weighted mean plateau age. The age spectra suggest 
that a component of excess argon is being increasingly released from the samples at 
progressively higher temperatures, above 715°C for sample EA043753 and above 695°C 
for sample EA043717. Due to the very fine-grained nature of the sericite in these 
samples, mostly < 20 µm, the sericite was concentrated by a differential flotation 
technique, and consequently, both dated samples have approximately 25% very fine-
grained hydrothermal silica contamination. Petrographic inspection of hydrothermal silica 
within the deposit shows myriad micron-scale fluid inclusions within the fine cherty 
silica. The high-surface area of the fine silica contaminant would allow progressive 
decrepitation of hydrothermal fluid inclusions near the surface of the contaminant silica 
grains, so this trapped hydrothermal fluid may be a source of excess argon in the higher 
temperature steps of the plateaux. The general positive correlation of the K/Ca ratios with 
the temperature of the argon extraction step and with the apparent step age suggests that 
excess argon is associated with a source that has a lower calcium and/or higher potassium 
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content. This is consistent with a fluid inclusion source for the excess argon, inasmuch as 
K/Ca 2: 10 in typical hydrothermal fluids associated with andesitic volcanic hydrothermal 
systems (Ellis 1979). Other workers have also identified excess argon from fluid 
inclusions (Kelley et al. 1986; Rama and Hart, 1965). Kelley et al. (1986) showed that 
argon in quartz-hosted fluid inclusions in Sn-W ore had multiple sources, including 
radiogenic 40 Ar derived from decay of dissolved K and from K-rich daughter minerals, 
atmospheric 40 Ar dissolved in the included fluids which comprised a meteoric water 
component, and a parentless 40 Ar component intimately mixed with the atmospheric 
component. If all these components are reasonably assumed to be present in fluid 
inclusions associated with hybrid magmatic-meteoric hydrothermal systems, including the 
Tampakan high-sulphidation-stage, then the parentless 40 Ar component may account for 
the older apparent ages obtained at higher temperature steps, because the K-derived 40Ar 
should yield an age component equivalent to the plateau age of the coeval hydrothermal 
sericite, while the atmospheric component is cancelled by the applied "air-correction". 
The progressive increase to older ages appears to commence at temperatures around 
695-715°C. Roedder (1984) has shown that quartz-hosted brine inclusions 5µm in 
diameter sustain internal fluid pressures up to ~ 2kbar; and 1 µm inclusions can sustain 
~5 kbar differential pressure before decrepitating. An inclusion that trapped, say, 10 wt.% 
NaCl brine at 300°C and 80 bars would have an internal fluid pressure of 5.0 kbar upon 
heating to 700 °C (Zhang and Frantz, 1987). The monotonically rising yield in inferred 
excess argon may reflect progressive increase in the number of fluid inclusions that 
decrepitate at higher step temperatures. Determining whether fluid inclusion decrepitation 
contributes excess argon at the lower temperature steps in the region of the identified age 
plateau, and thus contributes to a plateau that would yield a "maximum" age estimate as 
opposed to a true age estimate, needs to be addressed. The data from the two sericite 
samples were plotted on 36 Ar/4° Ar vs. 39 Ar/4° Ar correlation diagrams to determine if the 
steps chosen for the age plateau yield a regression line which projects to an 36 Ar/4° Ar 
ratio corresponding to atmospheric argon (36Aratrnf0Aratrn = 0.00338). 
If the selected steps chosen for the regression, which correspond to the plateau, define 
an atmospheric 36Arf 0Ar ratio by intersecting the y-axis at 0.003384 (within error), then 
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Figure 4.5 36 Art0 Ar vs. 39 Art0 Ar inverse isotope correlation diagrams for the hydrothermal 
sericite samples, showing that the temperature steps associated with the selected age plateau are 
free of the excess argon that is present in the higher temperature steps. The y-axis intercept for 
the plateau data array coincides, within error, with the atmospheric 36Arf0Ar ratio of 0.003384, 
indicating mixing between radiogenic and atmospheric argon only. 
we can be confident that the plateau steps reflect simple mixing between only two argon 
reservoirs, radiogenic argon and atmospheric argon, and hence do not have a contribution 
from another excess argon component. The isotope correlation diagrams presented in 
Figure 4.5 confirm that in both cases, for the steps selected for the plateau, the 36 Arf0 Ar 
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ratio at zero 39 Ar is equivalent, within one standard deviation error, to the 36 Aratm/4° Aratm 
ratio. Consequently no excess argon is present in the selected plateau steps. Hence the 
weighted mean plateau ages of 3.23 ± 0.03 Ma and 3.34 ± 0.05 Ma are considered to be 
reliable estimates of the age of sericite alteration associated with high-sulphidation 
mineralisation in these two samples. These ages are not conformable at the level of 1 s.d. 
(quoted), but are conformable at the level of 2 s.d. 
4.4.5 High-Sulphidation-Stage Alunite 
Three samples of hydrothermal natro-alunite [(Na,K,H30)Ab(S04) 2(0H)6] from the 
Tampakan high-sulphidation deposit were dated by the K-Ar method. Samples 
EA043221 and EA043227 come from drillhole Tmpd 32 at depths of 307.4 metres and 
310 metres, respectively (Figure 4.8). Sample EA043226 was collected from drillhole 
Tmpd 5 at a depth of 140 metres. All of the samples were acquired from alunite-quartz-
covellite-pyrite veins within the advanced-argillic lithocap. The samples are low-K 
alunites, better classified as natroalunites. The K-Ar ages obtained are: EA043221, 3.28 ± 
0.06 Ma; EA043226, 3.63 ± 0.09 Ma and EA043227, 3.66 ± 0.05 Ma. The conformity of 
ages for samples EA043226 and EA043227, which come from different drillholes, and 
the non-conformity of the age from sample EA043221, which was collected from the 
same set of veins as sample EA043227, requires consideration. The principal difference 
between the samples EA043221 and EA043227, which come from the same vein set but 
yielded discordant ages, is that sample EA043221 comprises alunite grains 90-125 µmin 
diameter and is a higher purity al unite separate (87. 7% as determined by XRD-
SIROQU ANT), whereas sample EA043227 has a lower purity (62% as determined by 
XRD-SIROQUANT) and comprises a much finer average grain size of 1-40 µm. The 
contaminant in both cases is dominated by very-fine-grained cherty hydrothermal silica. 
Both the 3.63 Ma and 3.66 Ma ages were obtained from alunite samples with the 1-40 µm 
grainsize range, whereas the younger 3 .28 Ma age was obtained from the purer and 
coarser-grained alunite mineral separate. The contaminating silica grains in each sample 
show a similar grainsize range to the alunite. The potential for very fine-grained 
hydrothermal silica to contribute excess argon at the higher temperature steps of the high-
sulphidation-stage sericite samples (discussed in section §4.4.4) implies that this process 
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may have occurred during fusion of the very fine-grained alunite-quartz samples during 
K-Ar dating. While the extraction of argon during the fusion of alunite was conducted up 
to a maximum temperature of ~ 1200°C, which is below the melting temperature of any 
silica contaminant, the potential for decrepitation of many of the micron-scale fluid 
inclusions within the fine-grained silica contaminant may provide a source of excess 
argon, as is inferred to have occurred during the high-temperature argon extraction steps 
of the hydrothermal sericite samples. Hence the 3.63 ± 0.09 Ma and 3.66 ± 0.05 Ma ages, 
both associated with the two samples having the greatest silica contamination and the 
finest grain size distribution, are considered to be maximum ages. This interpretation is 
corroborated by the two youngest of four age dates obtained from gently dipping 
andesitic lava flows (Cycle 4a Tampakan Andesite Sequence) that occupy the uppermost 
portion of drillhole Tmpd 13 in the Tampakan deposit, and which host high-sulphidation-
stage advanced-argillic alteration assemblages. The ages are 3.69 ± 0.06 Ma and 3.70 ± 
0.06 Ma (zircon U-Pb ages; Figure 4.7; §4.5.8), and their eruption must predate high-
sulphidation mineralisation. Thus the 3.28 ± 0.06 Ma K-Ar age for sample EA043221 is 
considered to be a closer estimate of the true age of alunite alteration. Furthermore, this 
alunite age is conformable, at the level of one standard deviation, with the two sericite 
ages from the same high-sulphidation hydrothermal event. 
4.4.6 Post-Ore Logdeck Andesite 
The Logdeck Andesite is a post-ore flow-dome complex that overlies the southern 
portion of the Tampakan orebody and is devoid of hydrothermal alteration and 
mineralisation. This unit was dated by the K-Ar and 40Ar-39 Ar method on hornblende 
phenocrysts. Sample EA043214 was acquired from surface outcrop at location 
713300mN - 505620mE, in a road-metal quarry within the Logdeck Andesite. The 
projected location of this sample is shown on Figure 4.10, and the age spectrum is shown 
in Figure 4.6a. The age spectrum exhibits a well developed and undisturbed plateau 
developed over 10 steps and comprising 94% of the released 39 Ar. The flat K/Ca ratio 
over the entire plateau interval indicates a homogeneous sample. The weighted mean 
plateau age obtained is 1.47 ± 0.05 Ma and is concordant with the K-Ar age of 1.43 ± 
0.03 Ma, despite a relatively low radiogenic 40Ar content of 9.4% of total 40Ar. 
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Figure 4.6 40Ar-39 Ar age spectra for hornblende from the Logdeck Andesite and Nun-Guon 
plug. 
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The Nun-Guon plug is a hydrothermally unaltered intrusive plug that intrudes through 
the hydrothermally altered Tampakan Andesite Sequence in the southern portion of the 
Tampakan orebody. It is a hornblende- and biotite-bearing dacite. Sample EA043204 
from this unit was dated by K-Ar and 40Ar-39 Ar on hornblende phenocrysts, and by 
whole-rock K-Ar. The sample was acquired from drillhole Tmpd 76 at a depth of 363.10 
metres downhole. The sample location is 713760 mN - 506250mE at an elevation of 668 
metres above sea-level. Like sample EA043214, the age spectrum for this sample (Figure 
4.6b) exhibits a well developed and undisturbed plateau spanning 7 steps and comprising 
85% of the released 39 Ar. Likewise, the K/Ca ratio over the entire plateau interval shows 
little variation. The weighted mean plateau age is 0.59 ± 0.03 Ma and is essentially 
identical to the same samples' K-Ar hornblende age of 0.59 ± 0.02 Ma, despite a low 
radiogenic 40Ar content of 6.5 % of total 40Ar. The whole-rock K-Ar age obtained for this 
sample is 0.68 ± 0.02 Ma. The discrepancy between the whole-rock K-Ar age and the 
hornblende K-Ar ages may be attributed to the presence of minor amounts of excess 
radiogenic 40 Ar incorporated into the outermost margins of additional mineral phases 
(e.g. plagioclase phenocrysts; D. Phillips pers. comm.) in the whole-rock sample, in the 
manner observed for the hornblende sample, which has anomalously old apparent ages 
from the first several percent of released 39 Ar in the step heating experiment. 
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Figure 4.7 Dating results for igneous and hydrothermal minerals on an east-west cross-section 
at grid location 716270 mN. Numbered black lines are diamond drillhole locations. 
Elevations are in metres above sea-level. 
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Figure 4.8 Dating results for igneous and hydrothermal minerals on an east-west cross-section 
at grid location 715790 mN. 
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Figure 4.9 Dating results for igneous and hydrothermal minerals on an east-west cross-section 
at grid location 715320 mN. 
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Figure 4.10 Dating results for igneous and hydrothermal minerals on an east-west cross-
section at grid location 714670 mN. 
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Zircon 238U-206Pb isotopic dating of 18 intrusive and extrusive rocks and two detrital 
zircon populations from the Tampakan district was conducted using the excimer laser 
ablation ICP-MS system (ELA-ICP-MS) at the Research School of Earth Sciences. There 
are two principal advantages of the zircon 238U-206Pb isotopic dating method in this study. 
Firstly, in regions where hydrothermal alteration is pervasive, zircon is often the only 
mineral that can yield an igneous age. Zircon is a primary accessory mineral phase in 
most felsic and intermediate volcanic and plutonic rocks. It is sufficiently insoluble that 
sub-solidus aqueous alteration seldom disturbs the U-Th-Pb isotopic systematics of non-
metamict zircons. Secondly, an individual zircon can be dated by ELA-ICP-MS or ion-
probe (SHRIMP) with relative ease. Consequently the ability to rapidly measure many 
individual zircon ages from large representative detrital zircon populations or individual 
rock samples, and to combine the dates with zircon crystal and/or whole-rock chemistry 
also done by high-precision ELA-ICP-MS analyses, facilitates interpretation of 
petrochemical evolution of magmatic suites (Chapter 5). One of the disadvantages with 
zircon 238U-206Pb isotopic dating of magmatic systems is that the high closure temperature 
of zircon can permit inheritance of older zircon grains. This problem was encountered in 
only one sample (EA044743; §4.5.7). 
Samples for zircon 238U-206Pb isotopic dating were chosen to bracket the two main 
hydrothermal mineralisation events, and included samples of the host-rocks to porphyry-
Cu and high-sulphidation epithermal mineralisation, mineralised diorite intrusions, and 
post-ore dykes within the deposit environs (Figures 4.7 to 4.10). Additional samples were 
selected from regional localities of the Tampakan Andesite Sequence within the district 
(Figure 4.22) to define the age range of magmatism within the volcanic centre. Two 
populations of detrital zircons were also acquired from drainage systems which flow 
westward off the low- and mid-elevation western flank of the volcanic centre (Figure 
4.22) in order to obtain a statistically representative frequency age distribution of 
magmatism within the district. 
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The basis of the zircon 238U-206Pb isotopic dating technique is the radioactive decay of 
238U to 206Pb via a long chain of intermediate daughter products. This overall decay has a 
half-life of 4.47 billion years (Jaffey et al. 1971). The principal equations for the nuclides 
in the U-Pb decay scheme that relates them to time (t) are 
206Pbp = 206Pbi + 23su ( e1..23st _ l) 
201Pbp = 201Pbi + 23SU( eA.23St _ l) 
eq.2 
eq. 3 
where P is the present abundance of the nuclide, I is the initial abundance of the nuclide 
and /....,is the decay constant ("J....238 = 1.55125 x 10-10 yr-1 and "J....235 = 9.8485 x 10-10 yr-1; 
Jaffey et al. 1971). If we rearrange both equations, taking the case where the mineral has 
no initial common lead and has remained a closed system for uranium and lead, we can 
remove the 206Pb1 and 207Pb1 terms, and upon substitution of the decay constants (/....,) and 
choosing values of time (t) we are able to plot the concordia curve defined by Wetherill 
(1956). The concordia curve is a fundamental tool for age determination in U-Pb 
geochronology. Corrections for common lead in the Tampakan zircons shifts the 
individual data points onto or nearer to the concordia curve, and so concordia plots are a 
useful means of assessing the robustness of the common lead correction processes 
employed in the data reduction procedure. 
4.5.2 Laser-Ablation Zircon 238U-206Pb Analytical Procedure 
Zircon crystals were separated from whole-rock samples by crushing to< 250 microns, 
clean sieving to avoid exotic whole-grain zircon contamination, washing, and subsequent 
magnetic and heavy-liquid separation techniques. The separated zircon grains were then 
handpicked, mounted in one-inch diameter epoxy mounts, polished, and photographed 
prior to analysis. The detrital zircon populations and several of the rock zircon 
populations were imaged using cathodoluminescence to determine the crystal structure 
and growth complexity within the zircon grains. The zircons display fine-scale, rhythmic 
oscillatory zonation (Plate 9; pp. 144) and/or simple sector zonation. The zircons 
selected for analysis were all greater than 85 microns in width. The rocks dated by the 
zircon 238U-206Pb LA-ICP-MS method varied in age from 1.75 Ma to 8.42 Ma, with most 
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ages between 3.04 Ma and 3.93 Ma. Consequently the radiogenic lead concentrations in 
the zircons were low (several ppm). The low lead concentrations meant that a relatively 
large laser beam spot diameter and rapid laser pulse rate were required to ensure an 
ablation rate sufficient to generate statistically reliable count rates on 206Pb, 207Pb and 
208Pb. Mixed ages from ablating growth zones are possible when using large spot sizes. 
The epoxy disks were mounted in an airtight perspex cell and the contained zircons 
were viewed in real-time during the analysis via a video monitor. The zircons were 
ablated using a pulsed ArF excimer laser (Lambda Physik LPX 120i) that emits at a 
wavelength of 193 nm. The pulse stability is typically around 5%. The zircons were 
ablated using an 84 micron spot diameter and a pulse rate of 15 hertz. The laser was 
operated in constant-voltage mode at 22 kV. The spot diameter and pulse rate were 
selected to optimise signal to the mass spectrometer, while ensuring that in most cases, 
the laser did not penetrate the base of the mounted zircon before a statistically adequate 
number of counting cycles accrued. The zircon ablation product was transported to an 
Agilent 7500 Series (Hewlett Packard) ICP-MS by a mixed helium-argon carrier gas via a 
custom flow homogeniser. The carrier gas is a light atomic weight, helium-bearing 
mixture designed to minimise condensation of the vaporised sample onto the surface of 
the ablated material. Plates 10, 12, 14, 17 and 21 (pp. 144-145) illustrate the minimal 
condensation area, which is restricted to a narrow and thin layer around the rim of the 
ablation site. Data for each zircon was acquired over a 60-75-second analytical cycle, 
comprising an initial 20-25-second pre-ablation interval for measuring instrumental 
background counts, followed by a 40-50-second interval of ablation. A suite of ten 
isotopes (29Si, 31P, 96Zr, 178Hf, 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U) were analysed by 
peak hopping with one-point-per-peak. Data for 31P, 206-208Pb, 232Th, 235U and 238U were 
acquired in pulse-counting-mode whereas data for 29Si, 96Zr and 178Hf were acquired in 
analogue mode. 204Pb was not analysed due to a swamping 204Hg blank. In most cases, 20 
to 35 zircons were analysed from each rock sample. Several populations of separated 
zircon grains were analysed during each 10-14 hour analytical session. The zircons from 
each population were analysed on a five-sample-per-population rotational basis in order 
to facilitate representative relative age comparison between different dated populations, 
and to circumvent the loss of a significant portion of data from a single population in the 
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event that instrument drift deteriorated for a significant interval of time. The in-house 
SHRIMP standard SL13 zircon (572 Ma old) and international standard NIST 612 glass 
were analysed as standards after every fifth sample analysis. The SL13 zircon from Sri 
Lanka has been shown by Claoue-Long et al. (1995) to be a suitably homogeneous 
standard, based on comparison of SHRIMP microbeam spot analyses with multiple 
analyses of zircon chips by thermal ionization mass spectrometry. Both the SL13 and 
NIST 612 standards were used to monitor instrument drift, whereas the SL13 zircon 
standard was analysed for the data reduction procedure. The trace element and Pb-
isotopic composition of NIST 612 have been reported by Pearce et al. (1997). 
Sample Ablation Procedure 
Each analysis contains between 60 and 80 individual data time-slices (counting 
intervals 0.5 seconds long), during which the 10 isotopes are scanned with a dwell time of 
50 milliseconds on each Pb isotope, 25 milliseconds on each U isotope and 5 
milliseconds on Si, P, Zr and Hf. Figure 4.11 shows several signal profiles from different 
spot analyses on zircon grains. Approximately 0.2 µm of zircon is photo-ablated per laser 
pulse, so a 15 hertz laser-pulse-rate evacuates 3 µm per second, and produces a 135 µm 
deep excavation pit during a typical 40-50-second single zircon spot analysis. Each time 
slice of data represents the integrated counts from, on average, 10 laser pulses that 
collectively sample a zircon volume of 84 µm diameter and 2 µm in depth ( ~ 11000 µm3). 
This sampled volume-per-time-slice decreases with depth, as the laser photo-ablates a 
slightly tapered cylinder that constricts with depth into the zircon. Plates 15 and 16 show 
a test ablation spot which is 135 µmin diameter at the surface, and which has tapered to 
120 µmin diameter at a depth of 45 µm. As ablation proceeds, a fraction of the vapour or 
plasma escaping the ablation pit makes contact with its walls and fractionally condenses. 
As the pit deepens, its ratio of wall area/floor area increases, so an increasing fraction of 
the ablated material condenses on the pit wall, and count rates decline with time. Most of 
this condensate, but not all, is re-ablated by subsequent pulses. The more refractory 
elements (e.g., Th and Zr) preferentially condense, as revealed by differentially declining 
count rates in successive time slices from deeper increments of the pit. The depth-
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dependant, differential decline of count rates of various isotopes reqmres empirical 
corrections derived from standardisation procedures. 
4.5.3 Background Corrections and Selection of Time-Slices for Data Reduction 
The data were reduced in four Excel-spreadsheet data-reduction templates developed by 
Dr J .M.Palin. Average background count rates for each analysed isotope were initially 
measured with the laser off, and subtracted from count rates in each of the "live-count" 
time-slices during ablation. The relevant ratios of count rates in each scan were calculated 
and converted to isotopic abundance ratios according to the conversion factor required to 
return the accepted ratios in the standard SLI 3 zircon in the same depth interval of the 
pit. This standardisation procedure corrects for down-hole mass fractionation and 
instrument-induced mass bias, using the empirical factors derived from analysis of the 
standard zircon at equivalent stages of ablation under identical operating conditions. The 
standard was normally analysed every 5th analysis. 
The selection of appropriate analytical time-slices for data reduction is essential for 
accurately dating zircons. A "large" spot size reduces the fine-scale selectivity of the spot 
location in the horizontal co-ordinate dimension of the mounted zircon. Foreign 
inclusions within zircons are avoided if possible. However, when locating the 84 µm spot 
in the interior of the grain, away from the crystal margins where common lead 
contamination is significant, it was often difficult to avoid minute zones of included 
material such as melt inclusions and/or mineral inclusions (commonly apatite or xenotime 
or monazite ). 
Judicious scrutiny of element ratios and count rates in successive ablation time-slices 
allows portions of zircons that are affected by common Pb, mineral or melt inclusions 
and/or inherited cores to be excluded from the time series of counts used for age 
calculations. 
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Figure 4.11 Varying behaviour of lead isotope count rates with time during zircon sample 
ablation, and criteria for selecting scan intervals for age calculations. 
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Several common effects observed in the count-versus-time plots are illustrated in Figure 
4.11. Pristine, single-phase homogeneous zircon grains yield sub-parallel 206Pb, 207Pb and 
208Pb signals that decrease in count rate with ablation depth. In such cases, all time slices 
are used for age calculations, with the exception of the first 5-10 and final 5-10 time 
slices of the ablation cycle, which are variably contaminated by a surface-derived high 
common-lead signal (Figure 4.lla). A second effect that is often observed in zircon 
grains is the convergence of the 206Pb and 207Pb signals in significant portions of the 
ablation cycle. The gradual convergence of the three Pb-isotope signals towards common-
lead ratios reflects increasing contamination of the signal by common lead. This is most 
commonly derived from the surfaces of the grain (Figure 4.11 b ). In such cases, only the 
time slices which display parallel time series of count rates are used for age calculations. 
A third common effect is where a microscopic mineral inclusion is ablated with the 
zircon, and is often detected by anomalous counts on 31 P (Figure 4.1 ld) or Zr/Si. In this 
case, a time interval of parallel trends of Pb-isotope signals on one side or the other of the 
inclusion is used for the age calculation (Figure 4.llc). In many cases the data-reduction 
software can adequately correct for the high common-lead contribution by mineral 
inclusions. Nevertheless, these time intervals representing foreign inclusions are always 
excluded from the age calculation. Figure 4.1 le displays a poorly behaved zircon, 
whereby all three Pb-isotope time series converge and diverge, due in most cases to 
variable contamination by common-lead. This effect is common when small zircons with 
widths of 84 µm to 95 µm are analysed, as the margins of the grain may be variably 
sampled throughout the entire ablation cycle. In such cases the analysis is discarded. 
4.5.4 Correction for Common Pb in Zircons 
Preliminary 206Pb/238U, 207Pb/235U and 208Pbl232Th ages were calculated prior to 
common-lead corrections, and a subsequent 206Pbl238U age was calculated after a 
common-lead correction was made. Common lead was corrected by measuring 207Pb. 
This correction for common-lead is not based on 204Pb, because of a mass interference by 
204Hg, which appears to be a contaminant within the helium-argon carrier gas used to 
transport the ablation products into the mass-spectrometer. The isotope used for common-
lead corrections is 207Pb. The 235U radiogenic parent isotope of 207Pb is far less abundant 
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in natural rocks (0.72% of the uranium isotopes) than 238U (99.275% of the uranium 
isotopes). Because the half-life of 235U is 704 Myr and the dated rocks are mostly 3-7 Ma 
in age, the abundance of radiogenic 207Pb is negligible relative to the abundance of 
common 207Pb within the rocks. Nevertheless, 207Pb is corrected for the decay of residual 
235U prior to common lead abundance calculations and age corrections. At any given time 
in earth history, the ratios of 238U/235U and of their decay products 206Pb!2°7Pb correspond 
to those of the concordia line. If it is assumed that young undisturbed zircons can deviate 
from concordia only by incorporation of common Pb, then an estimate of the amount of 
common Pb can be made from the degree of discordance and an assumed composition of 
the common Pb. 
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Figure 4.12 Fraction of common and radiogenic 206Pb from detrital zircons (red points) and 
zircons extracted from whole-rock samples (black circles) from the Tampakan 
stratovolcanic complex. The majority of zircons older than 3 Myr have 
radiogenic 206Pb in excess of 90 % (tabulated as f-206 in appendices A3 and 
A4). 
The young zrrcons dated from the Tampakan district contain significant levels of 
common Pb relative to radiogenic Pb in the interiors of the grains (Figure 4.12). Of the 
401 individual zircons dated in procuring the 18 integrated rock ages, 36% of the grains 
had acceptable levels of common 207Pb (0-5%). However, 41% of the grains had 5-10% 
common 207Pb, 13% of the grains had 10-20% common 207Pb and 7% of the grains had 
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20-40% common 207Pb. The remaining 2-3% had common 207Pb in excess of 50%. While 
reasonably accurate age estimates could be made by assuming an isotopic composition of 
common-lead corresponding to an accepted terrestrial Pb evolution model, it was 
considered prudent, given the relatively high common-Pb percentages within these young 
zircons, to measure the isotopic composition of bulk rock (common) Pb in a uranium-
deficient mineral obtained from the same rocks from which the zircons were separated. 
Figure 4.13 shows the common Pb isotopic ratios obtained by ELA-ICP-MS analysis on 
feldspar grains from six rocks that were dated by 238U-206Pb ELA-ICP-MS. It is clear that 
the common-Pb ratios are constant and reproducible over the 6 Myr interval that is 
spanned by these samples, and clear that the ratio is slightly different to terrestrial model 
Pb ratios in common use, such as the "Broken Hill" model. Consequently the common Pb 
ratios determined from the feldspar analyses shown in Figure 4.13 were applied for 
common Pb corrections of all the dated zircon populations in order to make the 
238U/206Pb and 235U/207Pb ratios age-concordant (i.e. lie on the concordia line). 
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Figure 4.13 Isotopic composition of common lead determined by ELA-ICP-MS on 
plagioclase phenocrysts in Tampakan samples. 204Pb count rates in plagioclase 
were high enough to swamp the 204Hg counts recorded as a background signal. 
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The final reported zircon-based rock ages are obtained after a series of steps that 
statistically remove outliers and other zircon spot analyses that are considered not to 
represent reliable analyses of a population of isotopically closed zircons of the same age. 
A three-stage screening and correction procedure was employed in obtaining the final age 
date. The first procedure involved selection of suitable time-slices from each zircon spot 
analysis for use in age calculations (§4.5.3) and subsequent application of a common lead 
correction to the retained data (§4.5.4). The second procedure involves culling of the 
zircon apparent ages in a population based on the distribution of the individual zircon 2 cr 
uncertainties with respect to the mean pooled age (§4.5.5). The third procedure involves 
correcting a zircon population's preliminary pooled age, obtained after the second 
procedure, for initial 230Th disequilibrium (§4.5.6). 
The final age determined for each rock, prior to the 230Th disequilibrium correction, is a 
composite average age of 15 to 33 spot analyses, usually one spot per crystal, inversely 
weighted according to the magnitude of the calculated 2-sigma uncertainty of each zircon: 
µ = [L: Xi I cri2] I [L: (1/cri2)], and the standard-error uncertainty of the weighted mean is crµ 
= '°"[l/ {:L(l/cr?)}] (Bevington, 1969). The final set of spot analyses in each samples' age 
calculation, obtained after the two-stage culling procedure, was visually assessed by 
plotting the cumulative frequency on a normal-probability coordinate scale. In the case of 
samples with naturally high mean square weighted deviation (MSWD) values, cumulative 
frequency plots were used to identify erratics and to ascertain the likelihood that more 
than one Gaussian population is present and is responsible for the unusual scatter. The 
preliminary culling procedure discards those zircon analyses where the observed standard 
deviation of the 238U/2°6Pb ratio exceeds three times the expected standard deviation, 
based on counting statistics of the integrated 206Pb signal on the homogeneous standard 
SL 13 analysed before and after the sample. This process commonly removes one or two 
of the zircon analyses from a population of 20-30 analyses, and these grains are 
conspicuous outliers from the population. The remaining data points and associated 2-
sigma uncertainties are plotted, and a spot analysis is discarded if its 2-sigma uncertainty 
bracket lies outside the 2-sigma envelope of the mean age. The eliminations are 
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conducted sequentially, starting with the data point having the near side of its 2-sigma 
bracket furthest from the 2-sigma uncertainty limit of the mean. This process is repeated 
iteratively until all remaining data points have 2-sigma brackets that either touch or cross 
into the 2-sigma envelope of the mean age. This procedure, in most cases, improves the 
MSWD value to acceptable levels of< 3. In the majority of dated samples, less than 15 % 
of the initial population of spot analyses is discarded in the final age calculation. Only in 
two samples is the population culled by up to 25%. In order to preserve the integrity of 
the bulk of the population, no more than 25% of the data-points are culled from any 
single population during this process. Failure to generate an MSWD value of< 3 by the 
time 25% of the data-points are culled is interpreted to reflect real natural compositional 
variation. This scatter could be any combination of inheritance of older zircons, Pb-loss 
or extended crystallisation history; its real origin is difficult to ascertain. 
In order to check the geological validity of the culling procedure in each sample, all the 
data (with the exception of the initially culled data whose observed errors were> 3 times 
the expected error) were plotted on normal-probability cumulative-frequency plots 
(Figures 4.16a-n). The abscissa in a normal probability plot is scaled in such a manner 
that a normal Gaussian distribution will plot as a single straight line, with a slope that 
increases as the variance of the population increases. The Gaussian distribution of a 
single, homogeneous population of zircon is caused by uncertainty induced by 
instrument-related analytical procedures. Consequently, all sample points that form the 
Gaussian distribution are retained for the age calculation. Data points which fall 
significantly off the linear array on a normal-probability graph, and which invariably form 
extended diverging tails at significantly different ages, are discarded. These discarded 
data points lie at the older and/or younger end of the age spectrum, and may be affected 
by subtle inheritance and Pb-loss, respectively. It is observed in Figures 4.16a-n that the 
culling procedure (using 2-sigma limits) effectively removes these outliers where subtle 
inheritance and Pb-loss effects may be in operation. The number of zircons culled during 
this procedure is tabulated in Table 4.7, which lists the fully culled and accepted final 
age-data, and the initial age data in which only the first culling stage has been applied to 
remove obvious outliers. 
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Young zircons commonly display disequilibrium within the decay chain, which results 
in a deficit of radiogenic 206Pb in "young" zircons, and hence low apparent ages, caused 
by an initial deficit of 230Th in the zircon crystal structure. 230Th is an intermediate 
daughter product in the 238U ~ 206Pb decay chain, and secular equilibrium is only 
maintained if it is incorporated into the zircon crystal structure in the same proportions 
with respect to 238U as were present in the magma from which the zircon crystallised. 
However, zircon preferentially incorporates U relative to Th (Scharer 1984), and so 
crystallises with 238U/230Th ratios initially in secular disequilibrium. This element 
fractionation is caused by the larger mismatch between the ionic radius of Th4+ (1.02 A) 
and Zr4+ (0.79 A) within the lattice site, in comparison to u4+ (0.97 A). The magnitude of 
the required correction is dependant on the level of U-Th fractionation and the age of the 
rock. Younger rocks require larger correction factors to be applied. The percentage 
deficit in radiogenic 206Pb is calculated using the equation of Scharer (1984) below -
~206pb in% 100. [ (A.238U /A.230Th). (/-1). (1 I {et..23sr _ l})] eq.4 
where A is the decay constant (A.238 for 238U = 1.55125 x 10-10 i 1; A.230 for 230Th = 0.922 x 
10-5 i 1), Tis the real crystallisation age of the zircon, and f is the fractionation of U-Th 
between magma and zircon such that f = [Th/U]zircon I [Th/U]MAGMA (Rock)· The 
fractionation factor, f, was calculated from nine samples in which both zircon and whole-
rock Th/U ratios were available (Table 4.4). With the exception of one outlier, eight of 
these samples showed f values between 0.25 and 0.28, indicating consistency in 
fractionation values for samples whose silica contents spanned 55.6 to 64.8 wt.% Si02, 
and which likely encompasses the full range of whole-rock silica values for all eighteen 
samples dated. Application of an average f value of 0.264 to equation (4) for the dated 
Tampakan district samples is acceptable, since varying the value within the identified 
range does not change the age at the second significant figure. The true age of zircon 
crystallisation (T) was derived by iteration of equation (4). The final accepted ages after 
correction for initial 230Th disequilibrium are listed in Table 4.7 (§4.5.8). 
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Table 4.4 Fractionation of U-Th between melt and zircon in application of 230Th disequilibrium 
corrections. 
Samnle 
Si06 Th ROCK !IRocK Thz1RCON !IzracoN (wt%) 
EA043223 55.6 1.85 0.72 51.37 71.26 
EA043207 57.0 3.99 1.26 47.94 55.25 
DA993972 57.6 2.51 0.88 47.12 62.98 
EA045799 58.2 3.98 1.09 43 .99 64.37 
EA043206 58.5 4.53 1.56 33 .08 43.6 
EA049678 60.2 4.44 1.53 34.12 46.5 
EA043026 62.0 4.45 1.44 47.69 58.57 
EA043212 62.9 4.13 1.49 i 31 .52 45.3 
EA044956 64.8 5.85 2.05 I 55.05 73.08 
* - outlier in f values 
Mean f value = 0.264 
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Figure 4.14 Relative magnitude of age corrections for initial 230Th disequilibrium within the 
samples. Age corrections range from 1.3% at 6 Ma to 3.8% at 2 Ma. 
Figure 4.14 illustrates the magnitude of the initial 230Th disequilibrium age correction as 
applied to the Tampakan detrital and whole-rock zircon grains. The age correction for 2 
Myr old grains is 3.8%, falling to 1.3 % at 6 Myr. Figure 4.15 compares results from the 
40Ar- 39 Ar and 238U- 206Pb systems before and after 230Th disequilibrium corrections in the 
six of seven samples where the two isotopic dating systems were applied. Errorless 
238U- 206Pb zircon age measurements may be identical to errorless 40Ar- 39 Ar age 
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measurements obtained on quench-cooled magmatic phenocrysts, or the zircons may be 
slightly older, in which case they record a residence time within the magma chamber prior 
to eruption. Errorless 238U-206Pb zircon ages should never be younger than ages 
determined by errorless 40 Ar-39 Ar age measurements on phenocrysts. Figure 4.15 shows 
that for those samples in which the two dating procedures were applied, the refined 
zircon 238U-206Pb ages obtained by correcting for 230Th disequilibrium provides better 
agreement between the two isotopic dating systems used in this study and provides 
confidence in comparing ages obtained by the two different methods. The average 
discrepancy among the 6 pairs is 2 % of the mean age of the pairs. Corrections for initial 
230Th disequilibrium were also applied to the suite of detrital zircon ages, using the 
fractionation factor f of 0.264. 
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Figure 4.15 Age comparison between the 40 Ar-39 Ar and 238U-206Pb dating method before and 
after applying corrections for 230Th disequilibrium within the samples. Errors in 
both dating systems are 2 s.d. 
4.5. 7 Resolving Ambiguity in a Populations' Homogeneity 
The probability plots presented in Figures 4.16 a, c, d, e, g, h, i, m and n reveal a 
consistent level of precision between samples. The slope of the data array in a probability 
plot is a direct indication of the variance of the data population, with greater analytical 
precision associated with flatter arrays. Comparison of slopes in the panels in Figure 4.16 
that have the same abscissa scale allows a direct assessment of the variation in precision 
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among samples. All nine panels have similar slopes. This indicates a consistent level of 
precision in age determination among samples between the ages of 3.06 Ma and 6.48 Ma. 
In all cases, with the possible exception of sample EA044743 (discussed below), the 
linear arrays define good approximations of Gaussian distributions for homogeneous 
populations. Thus the spread in ages within each linear array is attributable to analytical 
uncertainties such as counting statistics, atomic mass bias and instrument drift, and not by 
complex geological phenomena within the zircon population of each sample. 
Of all samples in which more than 16 zircons were analysed, the only sample that 
appears on first inspection to contain two distinct age populations is EA044 7 43 (Figure 
4. l 6f). The step-discontinuity in the trends of the array represents an analytically 
resolvable time interval ( ~0.2 Ma). Consequently, the data from this sample were further 
analysed by assuming two populations, one older than 4.5 Ma (12 grains), and one 
younger than 4.5 Ma (6 grains). Outliers were determined by treating these as two 
separate populations, and in the process of using the 2-sigma outlier culling procedure 
described in §4.5.3, the three oldest data points from the > 4.5 Ma population were 
culled, leaving 9 data-points in the population, while no data-points were culled from the 
< 4.5 Ma population, leaving 6 data-points. Application of a students' two-tail t-test 
indicates that there is only a 27 % probability that the two means belong to the same 
population. While this is a moderately strong statistical case for defining them as two 
separate populations, this is by no means a definitive case, and one needs to take into 
account geological factors. The sub-set of six youngest zircons in sample EA044743 
which appear to represent a second and younger population, have a 230Th disequilibrium 
corrected mean age of 4.39 ± 0.08 Ma. Sample EA044743 is host to porphyry stockwork 
veins. The porphyry-stockwork stage of mineralisation was dated using the 40Ar-39 Ar 
method on disseminated hydrothermal biotite, giving minimum ages of 4.24 ± 0.02 Ma 
and 4.26 ± 0.02 Ma (§4.4.2). The mean age of these is 4.25 Ma, giving approximately 
140,000 years between eruption of the andesite flow (sample EA044743) and subsequent 
porphyry Cu mineralisation. Approximately two to three kilometres of overlying volcanic 
sequence must have been erupted within the 140,000 year interval between the age of 
sample EA044743, which hosts the mineralized porphyry quartz veins, and the age of the 
porphyry vein event at ~4.25 Ma, in order to lithostatically pressure the porphyry 
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environment. Cas and Wright (1988) suggest that most active stratovolcanoes are less 
than 100,000 years old. Wadge (1982) present the total age of some recent volcanoes. 
The ages are listed in Table 4.5 together with the current elevation of the individual 
volcanoes. These data indicate that a 140,000-year interval is sufficient to build a 2-3 km 
volcanic edifice required to lithostatically pressure the porphyry environment at 
Tampakan after eruption of the unit sampled by EA044743. Hence sample EA044743 is 
considered to contain two populations of zircons, an older inherited population and a 
younger population with a 230Th disequilibrium corrected age of 4.39 ± 0.08 Ma. 
Table 4.5 Volcano ages and summit elevations [data from Wadge (1982) and Global 
Volcanism Program, Smithsonian Institute]. 
Volcano I Age (103 years) I Height (m) 
Sakurajima (Ryukyu Islands - Kyushu) 13-15 1117 
Akan (Hokkaido) 31 1499 
Shikotsu (Hokkaido) 32 1320 
Asama (Honshu) 30 2560 
Fuji (Honshu) 80 3776 
Aso (Kyushu) 25 1592 
Kirishima (Kyushu) 17 1700 
Fuego (Guatemala) 100 3763 
Santa Maria (Guatemala) 30 3772 
Kluchevskoy (Kamchatka Peninsula) 10 4835 
Shiveluch (Kamchatka Peninsula) 200 3283 
Avachinsky 60 2741 
A second point requiring explanation is that the procedure of culling 2cr outliers 
removed 3 data points from sample EA044585 (Figure 4.16c), which, despite lying 
within the Gaussian age distribution, had sufficiently small errors that the 2-sigma error 
limits lay beyond the 2-sigma envelope of the mean. The age calculated by inclusion of 
these three data-points, prior to initial 230Th disequilibrium corrections, is 3.81 Ma± 0.05 
Ma (MSWD = 4.37) while the age calculated by their exclusion is 3.84 Ma± 0.05 Ma 
(MSWD = 2.58). The age difference is insignificant, and both ages are consistent with the 
relationship of units observed in the field. The culled age (in keeping with the culling 
procedure employed in all of the 238U-206Pb ages) has an improved MSWD value, and 
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after applying the correction for initial 230Th disequilibrium, the obtained age of 3.92 ± 
0.05 Ma is concordant with the 40 Ar-39 Ar age of magmatic biotite and hornblende 
obtained from an adjacent sample EA049678 (Figure 4.3a-b ). Thus the final age is 
accepted as being 3.92 ± 0.05 Ma. 
4.5.8 Zircon 238U-206Pb Results: Whole-Rock Zircon Ages 
Isotopic data for all samples dated by the laser-ablation zircon 238U-206Pb method are 
listed in Appendix A4. Table 4.6 lists the sample numbers and locations of rocks dated by 
zircon geochronology. Table 4.7 presents the age results obtained prior to and after the 
culling procedures outlined above. The use of laser-ablation ICP-MS for 238U-206Pb 
isotopic dating of magmatic zircons has been extended to very young ages in this study, 
with excellent precision being routinely obtained for ages between 3 Ma and 5 Ma. The 
technique is here demonstrated to be applicable to dating igneous rocks as young as 1.67 
Ma. The average 2-sigma errors obtained for the following age ranges are quoted in 
brackets: 6-7 Ma (n=2; 0.71%), 5-6 Ma (n=l; 5.96%), 4-5 Ma (n=2; 1.54%), 3-4 Ma 
(n= 11; 1.3 7% ), 1-2 Ma (n= 1; 9 .14% ). The age of the single dated rock in the 5-6 Ma age 
bracket (5.37 ± 0.32 Ma) and in the 1-2 Ma age bracket (1.75 ± 0.16 Ma), are based on 
analysis of only six and four zircons, respectively. Consequently, the quoted 2-sigma 
uncertainties are a gross under-estimation of the precision capability by the ELA-ICP-MS 
system in dating samples in these age brackets. A data set of 20-30 zircons, as has been 
used in the majority of other samples dated, would likely reduce the 2-sigma uncertainty 
to approximately 2-3 % for the 1.75 Ma sample. The excellent level of precision obtained 
in this study (Table 4.7) is the result of three factors. Firstly, the count rates of 206Pb, 
207Pb and 208Pb in the mass-spectrometer were enhanced by use of a large diameter 
(84µm) laser-beam spot and rapid pulse rates (15 hertz), in order to compensate for 
generally low levels of radiogenic Pb in young zircons. The use of a large spot size and a 
rapid laser pulse rate provided sufficient 206Pb peak/background resolution to enable 
precise dating of early Pleistocene, Pliocene and late Miocene volcanic and intrusive 
sequences in the Tampakan district. Secondly, the 238U content of the zircons is 
sufficiently high (20-140 ppm in 390 of 401 zircons) to provide precisely analyzable 
amounts of radiogenic 206Pb. Thirdly, careful statistical filtering of the data to screen out 
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time slices and spot analyses affected by contaminant inclusions, inherited cores, Pb loss 
on micro-cracks and common Pb on grain surfaces has been essential to obtaining 
optimally reliable dating results. The critical screening of zircon analytical data was done 
without any attempt to match 40Ar-39 Ar isotopic dating results. The close agreement of 
ages in samples where the two different isotopic dating systems were applied (Figure 
4.15) is an independent corroboration of the reliability of the data-reduction procedures. 
The ability to date young zircons between 1.5 Ma and 6 Ma using ELA-ICP-MS is 
dependant on the availability of large zircon grain sizes. The distribution of lead and 
uranium within the young zircons from the Tampakan district indicate little, if any, post-
crystallization remobilization of lead and/or uranium from the zircons. The young age of 
these zircons minimizes the accumulated effects of radiation damage common in many 
old zircon, or zircons with high initial uranium contents (Silver and Deutsch, 1963). This 
minimizes the extent of metamict alteration zones and attendant lead loss. An important 
advantage offered by the ELA-ICP-MS system in dating young zircons is the ability to 
analyse the interior of the zircon grain, which at no stage has seen common lead 
contamination beyond that incorporated into the crystal during zircon growth. In contrast, 
common lead is typically ubiquitous on exposed and polished surfaces of the grain, where 
it is unavoidably derived from the environment through the sample preparation and 
polishing procedure. The ablation procedure allows isotopic dating of young zircons with 
low initial uranium contents (20-40 ppm), because the ability to sample grain interiors 
avoids the common-lead contamination on grain surfaces, which would otherwise swamp 
the radiogenic-lead signal. These analyses of young zircons employed a coarser spatial 
resolution of the ELA-ICP-MS system (bigger spot) than ion-probes such as the 
SHRIMP; the flexibility to tailor the laser spot size to analytical requirements is a 
substantial advantage. The ELA-ICP-MS offers advantages in data acquisition, as long 
counting times and abnormally high uranium contents of zircons are not required for 
obtaining acceptable precision when dating U- and Pb-poor zircons of early Pleistocene 
and Pliocene age. 
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Figure 4.16 a-n Cumulative-frequency normal-probability plots of laser-ablation ICP-MS 
238U-206Pb zircon ages. The data plotted are those zircon analyses where the observed standard 
deviation of the 238UJ2°6Pb ratio is < 3 times the expected standard deviation based on 
counting statistics. The red circles define individual zircon apparent ages which are retained 
after the second culling procedure that removes outliers which are > 2 cr from the population 
mean. These discarded analyses are shown as black circles. The MSWD values apply only to 
the retained population of red data points. The plotted ages are apparent ages that are not yet 
corrected for 230Th initial disequilibrium. 
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Table 4.6 Samples dated by laser-ablation ICP-MS zircon 238U-206Pb 
Sample No. Unit Grid North# Grid East# Elevation Drillhole Depth 
(m) (m) 
MAGMATIC EVENT 
EA043228 TAS (Cycle 1) 716264 505620 835 Tmpd8 (543-546) 
EA043207* TAS (Cycle 2) 711820 502120 500 Outcrop 
EA043026 TAS (Cycle 2) 720030 500050 Outcrop 
EA043700 TAS - Diorite Stock 716264 505644 795 Tmpd8 (560-600) 
EA044855 TAS (Cycle 3) 714670 505155 777 Tmpd 87 (349-375) 
EA044743 TAS (Cycle 3) 714670 505653 713 Tmpd34 (337-368) 
EA049678* TAS (Cycle 4a) 714600 506350 1125 Outcrop 
EA046345 TAS (Cycle 4a) 716375 510850 1130 Outcrop 
EA045799 TAS (Cycle 4a) 724200 517500 400 Outcrop 
EA043638 TAS (Cycle 4a) 716270 506045 1275 Tmpd 13 (60-63) 
EA043650 TAS (Cycle 4a) 716270 506143 1077 Tmpd 13 (300-303) 
EA044585 TAS (Cycle 4a) 714670 505879 924 Tmpd 33 (150.20) 
EA043212* TAS (Cycle 4a - dyke) 715322 505128 726 Tmpd47 (341.60) 
EA044956 Syn-Mineral Stock 715804 504842 850 Tmpd82 (333) 
EA043223* Syn-Mineral Stock 717236 506090 860 Tmpd57 (429.80) 
EA044875 Post-Mineral Dyke 714670 505205 868 Tmpd87 (243 .10) 
EA043206* Post-Mineral Dyke 715787 505672 1032 Tmpd43 (311.25) 
DA993972 Hbl-Andesite 710520 510760 920 Outcrop 
(cycle 4b) 
# - Grid co-ordinates are the Philippine transverse mercator (PTM5) metric grid. 
* =Samples also dated by 40Ar-39 Ar step heating. 
T AS = Tampakan Andesite Sequence 
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Table 4.7 Summary of laser-ablation zircon 238U-206Pb data. 
Sample # Zircons Initial Age MSWD Culled Retained Culled Age MSWD 206Pb* Final Age' 
(2cr error) (#) (#) (2cr error) (%Deficit) 
DA993972 4 1.67 ± 0.16 3.46 0 4 1.67 ± 0.16 3.46 4.57 1.75 ± 0.16 
EA043206 33 2.99 ± 0.05 4.44 4 29 2.96± 0.04 1.85 2.63 3.04± 0.04 
EA044875 21 3.07 ± 0.06 5.52 5 16 3.06 ± 0.06 3.80 2.54 3.14± 0.06 
EA043345 32 3.20 ± 0.05 3.59 4 28 3.20± 0.04 2.13 2.43 3.28± 0.04 
EA043223 5 3.41±0.07 1.06 0 5 3.41 ±0.07 1.06 2.29 3.49± 0.07 
EA045799 30 3.61±0.04 2.81 3 27 3.57 ± 0.04 1.63 2.19 3 .. 65± 0.04 
EA044956 27 3.60 ± 0.05 3.06 4 23 3.59± 0.04 1.81 2.18 3.67± 0.04 
EA043650 19 3.59 ± 0.06 2.31 18 3.61±0.06 1.60 2.16 3.69± 0.06 
EA043638 16 3.68 ± 0.11 11 .68 4 12 3.62 ± 0.06 2.09 2.16 3.70± 0.06 
EA043212 27 3.70 ± 0.04 4.10 26 3.67 ± 0.03 1.27 2.13 3.75± 0.03 
EA049678 31 3.72 ± 0.05 3.55 5 26 3.72±0.04 2.00 2.10 3.80± 0.04 
EA044585 26 3.81±0.06 4.45 4 22 3.84 ± 0.05 2.58 2.04 3.92± 0.05 
EA044743 18 4.60 ± 0.13 5.99 12 6 4.31±0.08 0.60 1.82 4.39± 0.08 
EA044855 21 4.74± 0.08 4.64 3 18 4.68 ± 0.06 1.75 1.76 4.76± 0.06 
EA043700 6 5.29± 0.32 10.79 0 6 5.29 ±0.32 10.79 1.49 5.37± 0.32 
EA043026 29 5.98 ± 0.06 3.40 4 25 5.98 ± 0.04 1.27 1.32 6.06± 0.04 
EA043207 32 6.47 ± 0.05 2.13 31 6.48 ± 0.05 1.93 1.22 6.56±0.05 
EA043228 5 8.34 ± 0.32 13 .66 0 5 8.34 ± 0.32 13.66 0.95 8.42± 0.32 
* = Percentage 206Pb deficit in zircon due to initial 230Th disequilibrium. 
Final Age' Final accepted age after outlier culling and correction for initial 230Th 
disequilibrium. # =Number of zircons. 
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Figure 4.17 a-f Apparent ages of individual zircons and the pooled age of the zircon 
population in each rock sample in the Tampakan district. Ages are laser-ablation ICP-MS 238U-
206Pb ages. The 2cr uncertainty bar for each analysis is derived from the variance of counts in the 
time series for U and Pb, which are weighted in the calculation of the uncertainty of each spot 
analysis. Individual analyses shown in open circles are discarded by the second culling procedure 
described in §4.5.5 . Final ages corrected for 230Th disequilibrium are reported in Table 4.7. 
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Figure 4.17 g-1 Apparent ages of individual zircons and the pooled age of the zircon 
population in each rock sample in the Tampakan district. Ages are laser-ablation ICP-MS 238U-
206Pb ages. The 2cr uncertainty bar for each analysis is derived from the variance of counts in the 
time series for U and Pb, which are weighted in the calculation of the uncertainty of each spot 
analysis. Individual analyses shown in open circles are discarded by the second culling procedure 
described in §4.5.5. Final ages corrected for 230Tu disequilibrium are reported in Table 4.7. 
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Figure 4.17 m-r Apparent ages of individual zircons and the pooled age of the zircon 
population in each rock sample in the Tampakan district. Ages are laser-ablation ICP-MS 238U-
206Pb ages. The 2cr uncertainty bar for each analysis is derived from the variance of counts in the 
time series for U and Pb, which are weighted in the calculation of the uncertainty of each spot 
analysis. Individual analyses shown in open circles are discarded by the second culling procedure 
described in §4.5.5. Final ages corrected for 230Tu disequilibrium are reported in Table 4.7. 
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A total of 144 age dates were obtained from a series of detrital zircon grains collected 
from the western flanks of the Tampakan stratovolcanic complex. Isotopic data for all 
detrital zircon samples dated by the laser-ablation zircon 238U-206Pb method are listed in 
Appendix A3. The detrital zircon grains were dated to ascertain the history of magmatism 
within the district, and to characterise the time-dependant variation in zircon chemistry as 
an indicator of melt chemistry through time (Chapter 5). 
Cathodoluminescence imaging of the detrital zircons reveals that they are characterised 
by fine-scale, concentric, rhythmic growth zoning, and more rarely by coarse sector 
zoning. Complex multi-stage growth histories are not observed m the 
cathodoluminescence images. This is corroborated by the high concordance of ages from 
multiple zircons dated from each of the whole-rock samples. Three representative 
cathodoluminescence images (Plates 9, 11 and 13) and their corresponding transmitted 
light images (Plates 10,12 and 14) of detrital zircons from the three principal age clusters 
shown in Figure 4.18, reveal the growth zone characteristics of the Tampakan zircons. 
The laser-ablation pit is evident in the transmitted light images, where it has been sited to 
avoid internal mineral inclusions (Plate 10) and internal melt inclusions (Plate 12) within 
the zircons. 
As outlined in the preceding section 4.5.4 (Figure 4.12), the detrital zircon suite display 
levels of common lead contamination which are comparable to the dated in-situ whole-
rock zircons. Figure 4.18 shows detrital zircon grain lead isotope analyses plotted on a 
Tera-Wasserburg plot and a Concordia plot. All of the uncorrected lead isotope ratios 
(red points) plot off the Concordia curve in both diagrams. Individual raw data points 
were corrected for common lead by projecting them towards the Concordia curve from 
the pure common lead 207Pb!2°6Pb value of 0.8569 (where 238U-206Pb = 0). On both lead 
isotope plots, the common lead correction results in the data points forming clusters on 
and around the Concordia line (blue points). 
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Plates 15-21 (15) and (16) illustrate the narrowing of the ablation diameter with ablation 
depth in the zircon. (17) shows the plasma condensation blanket developed on the surface of a 
zircon grain around the ablation site . (18) and (19) show an apatite inclusion within the zircon 
which lies below the level of the base of the ablated cyclinder. (20) and (21) illustrate the 
varying diameter of the ablation spot used in this study. 
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Figure 4.18 Detrital zircon grains sampled from two localities (Figure 4.22) along the western 
margin of the erosionally dissected, late Miocene to recent Tampakan volcanic complex. The red 
points represent uncorrected lead isotope ratios with their 1 sigma error bars. The blue points 
represent the same data after using a 208Pb-based correction for common lead. The common lead 
207Pb/2°6Pb ratio of 0.8569 defined from feldspar grains from the Tampakan suite (§4.5.4) was 
used to define the common-lead correction vectors as shown in the 207Pb/2°6Pb vs 238U;2°6Pb 
Tera-Wasserburg plot. 
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4.6 DATING OF LIMESTONE UNITS BY 87Sr/86Sr SEAWATER 
CORRELATION 
4.6.1 Dating of Limestone Units in the Tampakan District 
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Limestone units from three localities within the Tampakan district were radiometrically-
dated by correlating the 87Sr/86Sr isotope ratios of macrofossil biogenic carbonates with 
the well-calibrated late Tertiary seawater 87Sr/86Sr curve. The basis of the dating 
technique are (1) the virtually monotonic, steep rise of 87Sr/86Sr from ~0.7078 to ~0.7092 
in open-ocean waters over the past 40 Ma during rise and erosion of the Tibetan plateau 
(Edmond 1992); (2) the open-ocean water is very homogeneous at the current limits of 
analytical precision; (3) CaC03 inherits the same 87Sr/86Sr ratio as the parent seawater. 
The principal aim was to constrain the timing of syn-collisional uplift associated with 
upper crustal thrust faulting in the Tampakan district. The technique of 87Sr/86Sr 
correlative-age-dating is particularly useful for young Neogene age carbonate sequences 
due to the accurate definition of the seawater 87Sr/86Sr curve and the rapid increase in 
radiogenic 87Sr over non-radiogenic 86Sr in seawater since the late Eocene. Furthermore, 
young limestone sequences are less likely to have experienced significant post-diagenetic 
alteration effects that may disturb the primary formation 87Sr/86Sr ratio. The techniques of 
Sr-isotope-stratigraphy are thoroughly reviewed by McArthur (1994 ). At the limits of 
modem measurement precision of 87Sr/86Sr (±0.00002), the 87Sr/86Sr ratios of seawater 
and various marine biogenic and non-biogenic carbonates from around the world are 
analytically indistinguishable (McArthur 1994), owing to the long residence times of 
marine strontium in the oceans ( ~ 106 years) relative to the short time-scale of ocean 
mixing (~ 103 years). Numerous workers have defined seawater 87Sr/86Sr curves of 
sufficient accuracy and resolution for application to dating of Palaeogene and Neogene 
sequences (DePaolo, 1986; DePaolo and Ingram, 1985; Hodell et al. 1989, 1990, 1991; 
Miller et al. 1988; Oslick et al. 1994 and Paytan et al. 1993). The nearly monotonic rise 
in seawater 87Sr/86Sr since the Eocene is attributed to umoofing of the Himalayan orogen 
and extensive erosion of an old and radiogenic (with respect to 87Sr) metamorphic core 
complex (Edmond 1992). 
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The three dated limestone units in the Tampakan district are located to the southeast 
(Landan), north (Colonsabak) and northeast (Barangay Waterfall) of the eroded 
Tampakan volcanic edifice (Figure 3.2). The Landan limestone sample is a reefal 
carbonate interbedded with the Sulop Basaltic Basement Sequence, whereas the 
Colonsabak and Barangay Waterfall samples occur along the uplifted flanks of the 
district-scale anticline which underlies the eroded Tampakan volcanic complex. Table 4.8 
lists the sample locations, present-day elevations, material selected, 87Sr/86Sr 
measurements, calculated ages and 95% confidence interval on the ages. Figure 4.19 
shows the ages determined by correlation with the Neogene seawater 87Sr/86Sr curve. 
Micro-samples of biogenic carbonate were petrographically examined to ensure that 
samples selected for analysis displayed excellent preservation of biogenic structures 
without diagenetic recrystallisation, and thus highly probable preservation of original 
seawater 87Sr/86Sr ratios. A Finnigan MAT multicollector thermal-ionisation mass 
spectrometer (TIMS) was used by Gael Watson of Precise Radiogenic Isotope Services 
(PRISE) to determine the 87Sr/86Sr isotope ratios. Samples were pre-leached using a lN 
HCl solution to clean the sample of any surface contaminants, prior to complete 
dissolution in 4N HCl, and subsequent Sr extraction with ion exchange columns. The 
strontium carbonate standard SRM 987 was run in conjunction with the samples in each 
mass spectrometry session. The results for 9 replicates of SRM987 are: 
SRM 987 0.710214 ± 0.000010 (2 sigma). 
Table 4.8 Limestone samples dated by 87Sr/86Sr correlative-age-dating (Thermal Ionisation 
Mass Spectrometry). 
Sample Elevation Material s1Sr/ s6Sr ± (2cr) Age 
Landan 725m Echinoderm Spines 0.708667 ± 0.000010 17.44~:; 1 Ma 
Colonsabak 560m Biyozoan Coral 0.709006 ± 0.000013 4 . 70~:~2 Ma 
Barangay Waterfall 320m Coral 0.708926 ± 0.000016 6 20+3.13 Mi. 
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Figure 4.19 Age dates of limestone units in the Tampakan district obtained by correlation of the 
87Sr/86Sr isotope ratios in biogenic carbonate samples with the 87Sr/86Sr evolution curve for 
seawater during the late Neogene. Seawater curves and data points are from Hodell et al. (1990). 
The dashed lines bound the 95% probability envelopes on the late Neogene seawater curve. 
Chapter 4 Temporal Linkage of the District Geology to the Tectonic Framework 
by K-Ar, 40Ar-39 Ar and U-Pb Geochronology 
4.6.2 Significance of 87Sr/86Sr Dates 
150 
The Landan sample was collected at 725 metres elevation, 25 km SSE of the Tampakan 
deposit and 12 km southeast of the Quaternary Mt Matutum volcanic centre at the 
southern end of the district. The sample was collected from a five-metre-thick section of 
coralline reefal-carbonate interbedded with coarsely porphyritic basalt. This basalt unit is 
texturally identical to exposures of the basement basaltic andesite sequence (Sulop 
Formation) that occur along strike in the core of the district-scale ramp-anticline which 
projects northwestward from beneath the younger Tampakan volcanic centre. The 17 .44 
Ma measured age of the Landan limestone unit (Table 4.8) reflects an upper early 
Miocene age for the basement basaltic andesite sequence, and places a preliminary 
maximum age bound on initiation of deformational shortening and uplift within the 
district. Equivalent upper early Miocene limestone sequences are described by Pubellier 
et al. (1991) as the oldest exposed sequences on the Davao Del Sur Peninsula (Sarangani 
Peninsula), and thus these units likely represent an extensive shallow marine fore-arc 
sequence to the 16-18 Ma volcanism in the Daguma Range segment of the Sangihe arc. 
Rocks of 16-18 Ma age have been dated by Sajona et al. (1997) in the Daguma Range, 
and by Sajona et al. (1994) in central Mindanao and Davao. 
The Barangay Waterfall and Colonsabak coralline limestone samples were collected 
from the northeastern and northern periphery of the Tampakan volcanic centre at 320 and 
560 metres above sealevel, respectively. They are intercalated with shallow marine 
sediments dominated by marls and volcaniclastic-bearing sandstones and tuffaceous 
siltstones. These units dip eastward along the eastern flank of the northwest-trending 
district-scale ramp anticline, and define the western margin of the Miocene-to-Pliocene 
Sarangani Basin. Progressive uplift and southward tilting of this basin, as a result of syn-
collision uplift of the Sarangani Peninsula and Tampakan ramp anticlines (Figure 3 .1 ), 
have resulted in the basin contracting southward to the present position of Sarangani Bay. 
Measured 87Sr/ 86Sr dates of 6.20~:!;Ma and 4.70~:~~Ma for the Barangay Waterfall and 
for the Colonsabak samples respectively, indicate significant post-depositional Plio-
Pleistocene uplift of these regions on the eastern flank of the Tampakan ramp anticline as 
they emerged from the Sarangani Basin. This uplift is an expression of the late Miocene 
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to Pleistocene compressional deformation that had a major influence on igneous 
petrochemical evolution of the district as discussed in Chapters 5 and 6. 
4.7 GEOCHRONOLOGIC SYNTHESIS OF THE TAMP AKAN DISTRICT 
Figure 4.20 presents a summary compilation of some significant geochronological data 
acquired in the Tampakan district using zircon 238U-206Pb isotopic dating by laser-
ablation ICP-MS (144 detrital zircon ages, 18 rock-unit ages), 40Ar-39 Ar isotopic dating 
(9 igneous-mineral ages and 4 hydrothermal-mineral ages) and K-Ar radiometric dating 
(4 igneous-mineral ages and 6 hydrothermal-mineral ages). A frequency histogram of 
detrital zircon ages is also plotted in Figure 4.20. Age dates and associated errors are 
presented in Figure 4.21. 
4.7.1 A Long-Lived Volcanic Complex Extending From the late Miocene to 
Recent 
Geochronological data presented in preceding sections reveal that the Tampakan district 
has experienced semi-continuous and areally extensive magmatic activity over the past 
8.5 million years. The detrital zircon age data, together with the whole rock 
geochronological data, show that the Tampakan district preserves an episodic and long-
lived succession of andesitic stratovolcano-building events which extend from the late 
Miocene to the present, and which are separated by erosional unconformities. These 
episodes of volcanism and magmatism are here termed magmatic Cycles 1-5. Cycles 2, 3, 
4a and 5 are interpreted to represent major stratocone-building events. The units dated are 
discussed in chronological order below. 
Upper Early-Miocene Basalt Basement Sequence 
The oldest, indirectly dated volcanic sequence in the Tampakan district comprises 
submarine basalts that form the basement to the Tampakan andesitic eruptive sequence. 
The intercalated reefal limestone unit sampled near the Landan township, on the south-
east side of Mt Matutum, yielded an upper early Miocene age of 1 7.44 Ma, based on 
correlation of the 87 Sr/86Sr ratio of fossil aragonite (echinoderm spine) with the seawater 
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87Sr/86Sr evolution curve for the Miocene. The basaltic units with which this limestone is 
intercalated are also present to the north of the Tampakan volcanic centre where they are 
mapped as early Miocene basalts and basaltic andesites (Figure 3.2). 
Cycle 1 Tampakan Andesite Sequence 
The oldest identified andesite sequence which erupted onto the early Miocene basement 
is recorded by a single age date of 8.34 ± 0.32 Ma obtained by 238U-206Pb on zircons (n= 
5) separated (herein referred to as a "zircon rock" age: Zrrk) from an andesite unit 
sampled near the base of drillhole Tmpd 8 at 543-546 metres depth (Figure 4.7). This age 
is not reflected in the detrital zircon dates (Figure 4.20), which suggests that this old 
andesite sequence is not exposed at the current erosional surface on the western flank of 
the volcanic centre (Figure 3.4, 4.23). 
A 6 Ma to 7 Ma basaltic-andesitic to andesitic eruptive sequence is well represented in 
detrital zircon populations (Figure 4.20) sampled along the lower western flank of the 
Tampakan volcanic centre (Figure 4.22). This age cluster is also represented by two in 
situ Zrrk ages of 6.06 ± 0.04 Ma (sample EA043026) and 6.56 ± 0.05 Ma (sample 
EA043207) and a 40 Ar-39 Ar age of 6.36 ± 0.05 Ma, which were acquired from outcrops at 
low elevations along the northwest and southwest flank of the volcanic centre, 
respectively (Figure 4.22). The three sample localities that yielded these late Miocene 
ages lie in a NNW-trending belt of the Tampakan Andesite Sequence along the western 
margin of the volcanic centre (Figure 4.22). These Cycle 2 andesites are extensively 
exposed at low elevations ( 400-600 metres ASL) along the northwestern, western and 
southwestern flanks of the volcanic complex, and form part of an underlying and deeply 
eroded volcanic centre, which developed in the late Miocene during the waning stages of 
active subduction beneath the Sangihe Arc (Figure 2. 7). A schematic outline of this late 
Miocene volcanic centre is shown in Figure 4.22, and is drawn to encompass the exposed 
outcrop limit of this sequence at the northwest and southwest margins of the Tampakan 
Andesite Sequence. Cycle 2 andesites are shown schematically in Figures 3.4 and 4.23. 
153 
Chapter 4 Temporal Linkage of the District Geology to the Tectonic Framework 
by K-Ar, 40Ar-39 Ar and U-Pb Geochronology 
Detrital Zircon Ages 
Frequency 
20 15 10 5 0 
Cycle 5 
0 Ma 
1---- ---------- 1 Ma 
Cycle 4b 
1---------- -1 8 Ma 
Cycle 1 
(unexposed at surface) 
9 Ma 
Rock Sample Ages (238U-206 Pb, 40 Ar-39 Ar, K-Ar, 87Sr/ 86Sr) 
Nun-Guon Dacite Plug 
Lambayong Andesite Plug (Sajona 1994) 
0-llOllCJU\J-U--U-U-U-OIJlJ~O-U-O--O 
Cycle 4a - Tampakan Andesite Sequence 
3.28 ± 0.04 Ma 
~3.65 ± 0.04 Ma 
3.69 ± 0.06 Ma 
3.70 ± 0.06 Ma 
~3.76 ± 0.01 Ma 3.92 ± 0.05 Ma 3.93 ± 0.04 Ma 
Cycle 3 - Tampakan Andeslte Sequence 
Pre-Porphyry Diorite Stock 
~~'~'o-o-u-o-o-·o-u--o-u-o--u-u-o-u--u-u-u-o-u-u 
~ 6.06 :t 0 .04 Ma 
Cycle 2 - Tampakan Andesite Sequence 
u u u u u u u u u u u u u u u 
8.42 :t 0.32 Ma (Tmpd 8 : 543.35-546 .50m) 
Cycle 1 - Tampakan Andesite 
Sequence 
~ = Intrusive stock or volcanic plug 
~ = Andesite-diorite dyke 
~ = Andesite flow 
-4--- = Hydrothermal alteration 
• = Andesitic stratocone building event 
~ -uuu = Unconformity U U U = Major erosional unconformity 
>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v<v>v<v>v<v>v<v>v<v>v< 
v>v .-~~~~~~~...,.,....--,.,...-~~~~~~~~~~~~~~~~~ v>v< 
: ; : 17 _44 ± 00
._2
80
1 Ma (87Sr/ 86Sr seawater correlation age on echinoderm spine >v< 
in intercalated Landan limestone) 
>v< >v< 
>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v>v<v<v>v<v>v<v>v<v>v<v>v< 
Early-mid Miocene submarine basalt and intercalated reefal limestone basement 
Figure 4.20 Time sequence of volcanic and intrusive magmatic rocks in the Tampakan district, 
illustrating the principal stratocone-building events and erosional unconformities. Ages of 
detrital zircon grains collected from drainages on the west flank of the volcanic complex are 
represented in contrasting shades of blue to distinguish the labelled magmatic cycles. The blue 
sinusoidal curve represents the probability curve for the detrital age distribution. On the right-
hand side, data for hydrothermal minerals are shown in red, whereas data for igneous minerals 
are shown in black or blue. The cross-hachured blocks represent the inferred duration of major 
stratocone-building episodes, based on the age frequency distribution of the detrital zircon 
populations. 
Chapter4 Temporal Linkage of the District Geology to the Tectonic Framework 
by K-Ar, 40 Ar-39 Ar and U-Pb Geochronology 
Cycle 2 Tampakan Andesite Sequence 
154 
Andesites of this age have not been identified in any of the dated samples from deep 
drillholes in the Tampakan deposit, despite the occurrence of older and younger cycles in 
the deposit. Cycle 2 volcanics may have been completely eroded down to the Cycle 1 
substrate in the vicinity of the Tampakan deposit, which lies near the centre of the 
volcanic complex. 
Cycle 3 Tampakan Andesite Sequence 
The Cycle 1 sequence in the lowermost part of drillhole Tmpd 8 is intruded by a 5.37 ± 
0.32 Ma diorite stock (sample EA043700 - Zrrk). This sample was collected from near 
the base of the deepest drillhole into the deposit (Figure 4. 7). The stock is overprinted by 
porphyry-stage quartz veins associated with disseminated biotite-chlorite-anhydrite 
alteration of younger porphyry-stage mineralisation. This age correlates with the onset of 
a second, albeit lesser, rise in age frequency of detrital zircons (Figure 4.20), which 
extends from approximately 5.3 to 4.2 Ma. Two Zrrk ages have been obtained from 
andesites that belong to this age interval defined by the detrital zircon population. 
Samples EA044743 and EA044855 (Tables 4.6 and 4.7), acquired from the lowermost 
andesite sequence in the deeper portions of drillholes Tmpd 34 and Tmpd 87 respectively 
(Figure 4.10), are dated at 4.39 ± 0.08 Ma and 4.76 ± 0.06 Ma. These pre-mineralisation 
lavas also host porphyry-Cu-stage quartz veins. The Cycle 3 units are postulated to have 
erupted during a second major phase of andesitic stratocone construction that extended 
from about 5.3 Ma to 4.2 Ma, following substantial erosion of the underlying Cycle 2 
volcanic edifice. The locations of Cycle 3 andesites are shown schematically on Figures 
3.4 and 4.23. 
Cycle 4a Tampakan Andesite Sequence 
Cycle 4 units of the Tanipakan Andesite Sequence were dated extensively by K-Ar, 
40Ar-39 Ar, 238U-206Pb Zrrk and Zrctet· Cycle 4 is subdivided into a middle Pliocene stage of 
stratocone construction (Cycle 4a - Tampakan Andesite Sequence) and a late Pliocene to 
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Figure 4 .21 Age distribution of pre- syn- and post-mineral intrusives and extrusives 
within the Tampakan district , plus porphyry-stage hydrothermal biotite alteration and 
high-sulphidation-stage hydrothermal alunite and sericite alteration . Z = Zircon 
238U/ 206Pb age , B = Biotite 4 0Ar/ 3 9Ar age, H = Hornblende 4 0Ar/ 39Ar age, S = Sericite 
40Ar/ 39Ar age, A= Alunite K-Ar age, L = Limestone 87 Sr/ 86Sr age. All zircon 238 U/ 2 06 Pb 
age brackets are 95% confidence intervals, whereas 4 0Ar/ 39Ar and K-Ar age brackets 
are± 1 standard deviation . 
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Figure 4.22 Location of dated regional "surface" samples from the Tampakan Andesite 
Sequence that represent "lava flow-units", and location of sample sites for detrital zircons that 
were dated in this study. The Tampakan deposit is shown in dark yellow. Ages in plain-face are 
238U-206Pb zircon dates whereas ages in bold-face are hornblende 40 Ar-39 Ar dates. The location of 
samples that were dated from magmatic cycle 2 are shown in blue, whereas the location of 
andesite flows dated from magmatic cycle 4 are shown in red. The possible location of sequential 
volcanic centres are shown by the rings whose ages are color-coded in the legend. The location 
of the late Miocene (blue) and middle Pliocene (red) volcanic centres are constrained by outcrop 
distribution and the topographic stratocone remnant identified in digital terrain datasets (red ring; 
Chapter 3). The yellow ring encircles the most recent phase of volcanism in the district (cycle 5) 
that is associated with the Mt Matutum volcanic centre. The red and blue-hatched regions are the 
drainage catchment source areas for the Kampo Kilot and Pula Bato detrital zircon populations 
that were dated by laser-ablation ICP-MS. The light yellow shaded region depicts the area of 
advanced-argillic and argillic alteration within the Tampakan district. 
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Pleistocene stage of evolved andesitic to dacitic intrusives and volcanic plugs (Cycle 4b) 
that are not associated with a major volcanic edifice construction phase. Age data for 
Cycle 4a rock samples are summarised in geochronological order in Table 4.9. 
Cycle 4a andesite flow units occur in the upper portion of the drillholes and host high-
sulphidation mineralisation and associated advanced-argillic alteration. The andesite flow 
units in drillholes Tmpd 13 and 33 (Figures 4.7 and 4.10), from surface exposures on the 
Tampakan drillgrid, and from other high-elevation outcrops are associated with the 
middle Pliocene Cycle 4a andesitic stratocone identified in the topographic image (Figure 
3 .3 ). These andesite flows are intruded by a series of dykes and stocks. These intrusives 
range in age from pre- to syn- and post-high-sulphidation-mineralisation, intrude Cycle 1 
and Cycle 3 units in the deeper portions of the deposit, and locally intrude Cycle 4a 
andesite flows. 
Table 4.9 Summary of dating results for rock samples representing TAS Cycle 4a. 
3.92 ± 0.05 Ma 
3.92 ± 0.04 Ma 
3.93 ± 0.04 Ma 
3.80 ± 0.04 Ma 
3.76 ± 0.01 Ma 
3.75 ± 0.03 Ma 
3.74 ± 0.07 Ma 
3.70 ± 0.06 Ma 
3.69 ± 0.06 Ma 
3.67 ± 0.04 Ma 
3.65 ± 0.04 Ma 
3.49 ± 0.07 Ma 
3.38 ± 0.02 Ma 
3.28 ± 0.04 Ma 
3.10 ± 0.09 Ma 
3.14 ± 0.06 Ma 
3.04 ± 0.04 Ma 
EA044585 
EA049678 
EA049678 
EA049678 
EA043212 
EA043212 
EA043212 
EA043638 
EA043650 
EA044956 
EA045799 
EA043223 
EA043223 
EA043345 
EA043206 
EA044875 
EA043206 
Zrrk: 238U-206Pb Andesite flow in ore deposit overlying Cycle 3 
Biot: 40 Ar-39 Ar Andesite flow in ore deposit overlying Cycle 3 
Hbld: 40Ar-39 Ar Andesite flow in ore deposit overlying Cycle 3 
Zrrk: 238U-206Pb Andesite flow in ore deposit overlying Cycle 3 
Biot: 40Ar-39 Ar Andesite dyke in ore deposit intruding Cycle 3 
Zrrk: 238U-206Pb Andesite dyke in ore deposit intruding Cycle 3 
Hbld: 40Ar-39 Ar Andesite dyke in ore deposit intruding Cycle 3 
Zrrk: 238U-206Pb Andesite flow in ore deposit overlying Cycle 1 
Zrrk: 238U-206Pb Andesite flow in ore deposit overlying Cycle 1 
Zrrk: 238U-206Pb Diorite stock in Tampakan ore deposit. 
Zrrk: 238U-206Pb Andesite flow in NE-quadrant of volcanic complex 
Zrrk: 238U-206Pb Diorite stock in ore deposit intruding Cycle 113 ? 
Biot: 40Ar-39 Ar Diorite stock in ore deposit intruding Cycle 1/3? 
Zrrk: 238U-206Pb Andesite flow in centre of Cycle 4 volcanic complex 
Hbld: 40Ar-39 Ar Diorite dyke in ore deposit intruding Cycle 3/4? 
Zrrk: 238U-206Pb Andesite dyke in ore deposit intruding Cycle 3/4? 
Zrrk: 238U-206Pb Diorite dyke in ore deposit intruding Cycle 3/4? 
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Figure 4.23 Age relationship of magmatic and hydrothermal events in the Tampakan district 
showing schematic stratigraphic relationship between magmatic cycles (Cycles 1-5) within the 
late Miocene to Recent Tampakan volcanic complex, as well as porphyry-Cu and high-
sulphidation-epithermal hydrothermal events. Ages (Ma) are plotted without the uncertainties for 
simplification. All ages are obtained from this study, except the 0.002 Ma 14C age for the Mt 
Matutum pyroclastic sequence (Cycle 5). Ages obtained for magmatic sequences are shown on 
the diagram whereas ages obtained for the alteration minerals are shown in the legend. Porphyry 
mineralisation was erosionally exposed at the surface during the early Pliocene by an erosional 
unconformity that separates Cycle 3 from Cycle 4a magmatism. High-sulphidation mineralisation 
was subsequently localised along this unconformity surface during the latter stages of Cycle 4a 
magmatism and stratocone rebuilding. 
The Cycle 4a volcanic-intrusive sequence is the most widely distributed in the district 
due to its young age and erosional immaturity. The distribution of Cycle 4a andesites are 
shown schematically in Figure 3 .4. The ages of rocks dated from the Cycle 4a sequence 
are broadly coeval with a third major peak in frequency of detrital zircons (Figure 4.20). 
Thus Cycle 4a magmatism in the Tampakan district is here defined to extend from 
approximately 3 .90 Ma (equivalent to the oldest of the andesite units erupted onto Cycle 
3 andesites) to 2.5 Ma (equivalent to the upper age limit of the third frequency peak of 
detrital zircons). 
Chapter 4 Temporal Linkage of the District Geology to the Tectonic Framework 
by K-Ar, 40Ar-39 Ar and U-Pb Geochronology 
Cycle 4b Pleistocene Evolved Andesites and Dacites 
159 
Cycle 4b magmatism within the Tampakan district is represented in the detrital zircon 
dataset (Figure 4.20) by a minor cluster of only 3 detrital zircon ages between 1.3 Ma and 
1.8 Ma. This paucity in ages is consistent with the isolated and scattered nature of 
identified Cycle 4b units, which comprise several small, evolved andesitic to dacitic 
intrusive plugs and extrusive flow-dome complexes located around the southern and 
southwestern quadrant of the volcanic centre. Several of these units were dated in this 
study, in addition to several K-Ar dates determined by Dr F. Sajona for WMC Resources 
Ltd in 1994. The Logdeck Andesite, which overlies the southern extent of the Tampakan 
orebody, yielded an age of 1.47 ± 0.05 Ma by 40Ar-39 Ar and 1.43 ± 0.03 Ma by K-Ar on 
the same sample (this study). A hornblende-bearing andesite in the southeast quadrant of 
the Cycle 4a Tampakan volcanic edifice contained zircons dated at 1.75 ± 0.16 Ma (Zrrk -
this study). A K-Ar age of 1.47 Ma was obtained for the Lote Plug and a K-Ar age of 
0.86 Ma was determined for the Lambayong volcanic plug by Dr F.Sajona who used the 
K-Ar method (Sajona, 1994). The Nun-Guon plug was dated as 0.59 ± 0.03 Ma by 40Ar-
39 Ar and as 0.59 ± 0.02 Ma by K-Ar (this study). Cycle 4b sequences of Pleistocene age 
are characterised by intrusive plugs which are more felsic than earlier magmatic cycles, 
are widely distributed within the district, and do not form major stratovolcanic edifices in 
the manner of magmatic cycles 2, 3 and 4a. 
Cycle 5 Mt Matutum Andesite 
The final magmatic event recorded by the detrital zircon 238U-206Pb geochronological 
data is the pyroclastic cover sequence that erupted onto the T AS edifice from the 
currently dormant Mt Matutum stratocone. The pyroclastic unit is widely distributed 
throughout the district. Although the late Quaternary ages measured from these youngest 
detrital zircons (Figure 4.20) have large analytical uncertainties, they nevertheless record 
a very young magmatic event. This late Quaternary stratovolcano significantly overlaps 
the inferred spatial extent of the Cycle 2 volcanic centre (Figure 4.22), and so is assigned 
a "Cycle 5" classification given its intimate spatial association with previous magmatic 
cycles. This "continuity" of classification has a real genetic significance which is outlined 
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in Chapters 5 and 6, where whole-rock plus zircon trace-element analyses and evolution 
in magmatic water contents indicate a consanguineous evolutionary continuity of a very-
long-lived, lower-crustal magma chamber parental to all five of the dated magmatic 
cycles. 
4.7.2 Temporally Distinct Porphyry and High-Sulphidation Epithermal Events in 
the Tampakan Deposit: Unroof"Ing of the Tampakan Porphyry System. 
Porphyry Cu mineralisation is dated by 40 Ar-39 Ar ages on two samples of hydrothermal 
biotite from the base of drillhole Tmpd 8. The hydrothermal biotite from this relict 
potassic alteration facies yielded concordant ages of 4.24 ± 0.02 Ma and 4.26 ± 0.02 Ma, 
and occur at/near the end of Cycle 3 magmatism. These ages for the porphyry-stage 
alteration are consistent with (i.e., post-date) the ages of the Cycle 1 and Cycle 3 rocks 
which host the lower portions of the deposit: 8.42 Ma for Cycle 1 and 5.37, 4.76 and 4.39 
Ma for rock samples of Cycle 3. 
The biotite dates for porphyry-Cu mineralisation are minimum ages, as they record the 
time at which biotite cooled below its closure temperature for argon loss, which is 
~280°C ± 40°C (Harrison et al. 1985). The porphyry-stage mineralisation is constrained 
to lie between the 4.25 Ma average age of the biotite samples and the 4.39 Ma date for the 
youngest Cycle 3 T AS sample which hosts porphyry veins. However, the age is likely to 
lie closer to the 4.25 Ma estimate, as meteoric water circulation is likely to cool the 
porphyry-stage stocks in <105 years (Cathles et al. 1997) if they were emplaced within the 
volcanic edifice. Furthermore, the porphyry system requires some 2-3 km of overburden 
to generate the required lithostatic pressure in the porphyry environment, and hence 2-3 
km of volcanic overburden must have been erupted after the 4.39 Ma host sequence, and 
prior to porphyry mineralisation at ~4.25 Ma. The ~140,000 interval between eruption of 
the youngest dated host-rocks and the closure dates of hydrothermal biotite is a 
reasonable time frame within which to build a substantial volcanic edifice to host the 
porphyry deposit. 
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The high-sulphidation mineralisation event is well constrained by three K-Ar and 40Ar-
39 Ar ages obtained from hydrothermal alunite and sericite. The alunite was extracted from 
covellite-pyrite-bearing veins and has two maximum ages of 3.66 ± 0.05 Ma and 3.63 ± 
0.09 Ma (§4.4.5) and a single reliable age of 3.28 ± 0.06 Ma. This latter age is concordant 
with two ages obtained from hydrothermal sericite within the advanced-argillic lithocap, 
and which are 3.34 ± 0.05 and 3.23 ± 0.03 Ma. Thus the age of high-sulphidation 
mineralisation is constrained to lie between 3 .3 9 Ma and 3 .20 Ma at the level of one 
standard deviation uncertainty of the ages. These ages are consistent with the 3.93 Ma to 
3 .69 Ma age range of Cycle 4a andesite flow units in the upper portions of the Tampakan 
deposit which are altered by the high-sulphidation event, and with two weakly altered, 
post-mineralisation andesite and diorite dykes which post-date the main-stage of acid-
sulphate alteration and yielded ages between 3.14 Ma and 3.04 Ma. 
The difference between the mean age of the two porphyry-stage biotite samples ( 4.25 ± 
0.01 Ma) and the mean age of the two high-sulphidation-stage sericite samples and the 
concordant alunite sample (n=3; 3.26 ± 0.02 Ma) is one million years. This interval is 
significantly greater than the possible lifespan of a major porphyry system (Cathles et al. 
1997). The Lepanto porphyry and Far Southeast high-sulphidation epithermal deposit 
"pair" are associated with a hydrothermal system of ~300,000 years duration (Arribas et 
al. 1995), and the Ladolam deposit evolved from a porphyry to epithermal environment 
over a similar duration of ~300,000 years (Moyle et al. 1990). Thus the Tampakan 
porphyry and high-sulphidation epithermal deposits formed from separate magmatic-
hydrothermal systems, and although they are not products of the same high-level 
volcano-scale hydrothermal system, Chapters 5, 6 and 7 will discuss data indicating that 
they are related in the context of a consanguineous succession of igneous intrusions from 
the same deep, lower-crustal magmatic reservoir. 
4.7.3 Constraints on the Timing and Rates of Uplift in the Tampakan District. 
Cycle 4a eruptive units between 3.93 Ma and 3.69 Ma age, which lack porphyry-stage 
quartz veins but which host high-sulphidation mineralisation and alteration, lie directly on 
Cycle 3 and Cycle 1 andesites which host porphyry-stage quartz veins associated with 
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biotite alteration of 4.24 Ma to 4.26 Ma age within the Tampakan deposit. These 
geochronological data reveal the presence of a major erosional unconformity developed 
between eruptive Cycle 3 and Cycle 4a. This unconformity is responsible for unroo.fing 
the porphyry system down to a level near the outer edges of its potassically-altered core 
in the time frame between hydrothermal biotite alteration at 4.24 - 4.26 Ma and the 
eruption of the.first of the Cycle 4a andesites units at 3.93 Ma (Figure 4.23). 
This unconformity has not been identified texturally in drillcore or outcrop due to the 
extensive stratabound zones of acid-sulphate alteration and silicified hydrothermal 
breccias within the deposit; however, it is clearly established by the geochronologic data. 
This unconformity separates the younger high-sulphidation mineralisation event from the 
older porphyry Cu mineralisation event, and is responsible for lowering of the land 
surface to the deep-level porphyry system prior to eruption of Cycle 4a andesites and 
subsequent high-sulphidation mineralisation. This unconformity is here considered to 
have been the major lithological surface (blocky rubble and soil) suitable for service as an 
aquifer for palaeo-groundwater flow, and into which ascending magmatic volatiles 
condensed to form the high-sulphidation alteration assemblages and mineralisation 
(Chapters 9 to 11 ). Geological evidence for this erosional unconformity within the main 
stratabound high-sulphidation zone comprises (1) the ubiquity of porphyry-stage veins in 
the lower half of the deposit, and (2) the complete lack of equivalent porphyry-stage veins 
above the top of the stratabound high-sulphidation zone in the uppermost third of most 
drillholes. The porphyry veins are widely distributed over an area exceeding two square 
kilometres, but are nowhere observed extending to the present erosion surface, which lies 
only 100-200 metres above the top of the porphyry-stage vein intersections in drillcore. 
It is possible to assess the feasibility of tropical erosion to remove 2-3 km of cover from 
above the porphyry vein system, in order to expose the porphyry veins at a palaeo-
erosional surface within the time spanning the emplacement of the porphyry stocks 
responsible for hydrothermal biotite alteration, and the subsequent eruption of Cycle 4a 
andesites onto the unroofed porphyry system which commenced at 3 .93 Ma. This time 
span is approximately 370,000 years. We can assume an overburden depth of two or three 
kilometres on the porphyry system, in order to lithostatically pressure the porphyry 
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environment during vein emplacement associated with exsolution of magmatic fluids. If 
we assume that the hydrothermal biotite cooled to its closure temperature within 50,000 
years of formation, then the porphyry system must have been unroofed between 4.30 Ma 
and 3.93 Ma over a maximum 370,000 year time frame. This would require an erosion 
rate of 5.4 mm/year to remove 2 km of overburden, or 8.1 mm/year to remove 3 km of 
overburden. The detrital zircon data, albeit limited during this time interval, suggest that 
Cycle 3 magmatism extended from 5.3 Ma through to 4.2 Ma (Figure 4.20) before 
temporary cessation of magmatism. If we thus assume that unroofing of the porphyry 
system commenced at around 4.2 Ma, then we require denudation rates of 7.4 mm/year 
and 11.1 mm/year to remove the equivalent 2 km or 3 km of overburden, respectively. 
These required denudation rates are anomalously high, even for equatorial montane 
regions with a high rainfall. 
Erosion rates in equatorial latitudes are typically high. Ruxton and McDougall (1967) 
determined a denudation rate of 0.75 mm/year at 760 metres elevation on the 
Hydrographers andesitic stratovolcano in similar terrain and tropical pluvial climatic 
conditions in northeast Papua New Guinea. Crowhurst et al. (1996) estimate long-term 
denudation rates of between 0.2 and 2 mm per year in the central PNG cordillera. 
Furthermore, Mills (1976) estimated erosion rates for the Mt Rainier volcano in the 
Cascade Arc as 1.1 mm per year, based on dissection of landforms. We can estimate a 
long-term average erosion rate for the Tampakan volcanic centre between 3 Ma and the 
present, based on the reconstruction of the volcanic topography in Figure 3.5 (Chapter 3). 
In this case, erosion of the Tampakan volcanic edifice 3 km high at the end of Cycle 4a, 
to the present elevation of 700-800 metres above the palaeo-sealevel, yields a long term 
average erosion rate of 0.75 mm/year - identical to the above estimate by Ruxton and 
McDougall (1967) for long-term erosion of a similar stratovolcano in nearly identical 
physical-climatic conditions. Consequently, the geochronologically constrained rates of 
erosion for the Tampakan Cycle 3 sequence between 4.30 Ma and 3.93 Ma, prior to 
eruption of the Cycle 4a sequence directly on the unroofed porphyry system, are between 
a factor of 7.2 and 10.8 greater than the estimated long-term gradual denudation rate of 
the past 3 Ma. These geochronological data thus record an unusual tectonic event during 
this short time period, which has produced accelerated uplift and erosion within the 
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district. This erosional removal of a large proportion of the Cycle 3 sequence is reflected 
in the subdued age frequency of modem detrital zircons between 4.2 Ma and 5.4 Ma, 
further hinting at minimal preservation of the Cycle 3 sequence in contrast to the 
underlying Cycle 2 sequence, and further supports high denudation rates which removed 
much of the Cycle 3 sequence prior to burial by Cycle 4a andesites. 
The tectonic reconstructions presented in Chapter 2 indicate that the collision of 
northern and southern Mindanao occurred between 5 Ma and 3 Ma, with the initial 
collisional contact between the two terranes commencing at 5 Ma along the 
transpressional Cotabato Fault Zone, and final thrust fault deformation associated with 
closure of the Molucca Sea occurring between 5 Ma and 3 Ma. This time interval is 
centred on the 4.30 Ma to 3.93 Ma period of unusually high erosion rates in the 
Tampakan district, in contrast to normal erosion rates after 3 Ma. This interval of high 
erosion rate, possibly entailing landslides and even sector collapse, is likely to be 
associated with significant uplift which is here considered to be associated with observed 
thrust-and-fold deformation of early Pliocene age. These data suggest that crustal 
compression, collision-stage thrust faulting and attendant uplift were in maximum effect 
in the time interval between the porphyry and high sulphidation mineralisation events at 
Tampakan. The erosional unconformity associated with the high erosion rate between 
Cycle 3 and Cycle 4a magmatism became the prime control on the distribution of younger 
high-sulphidation mineralisation within the deposit. 
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To understand the role that tectonic processes play by preventing or promoting 
development of Cu-Au metallogenic fertility in cale-alkaline continental and island arc 
magmas, we need to match petrochemical evolution with perturbations in the crustal 
stress history and with physico-chemical magmatic properties that are relevant to 
mineralisation. Cu-Au metallogenic fertility is episodic in both space and time. Fertile 
"mineralised belts" typically occupy arc segments of ~ 100 km to ~600 km in length. 
Magmas in ore districts commonly evolve towards metallogenic fertility (Lang and Titley, 
1998), and fertility may migrate perpendicular or parallel to a subduction zone on time 
scales of ~1 to 10 million years. Emplacement of ore-forming melts into the upper crust is 
particularly common in post-collisional settings where ore typically forms within several 
million years following cessation of subduction. These spatial and temporal migrations 
suggest that locally anomalous chaleophile metal pre-enrichment in the mantle-wedge 
source region of arc-magmas is not critical for metallogenesis, but that some other 
fundamental, albeit transient, process on the scale of the upper mantle and crust is 
operative. A fundamental question in magmatic Cu-Au metallogenesis is, "what is the 
relative importance of source versus process in generating ore-forming magmas?" Do 
districts of clustered porphyry and high-sulphidation epithermal deposits develop because 
the cale-alkaline melts in these districts are derived from a pre-enriched source of 
chalcophile metals in the mantle or crust, or does mineralisation develop during crystal 
fractionation as a result of some transient tectonic process in mineralised districts? 
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The following observations are important in formulating a hypothesis that the 
generation of magmatic fertility is caused by prolonged crystal fractionation and 
evolution in deep lower- to sub-crustal reservoirs where compressive stress modulates 
escape of melts, and the deep thermal regime facilitates longevity of magmatic reservoirs. 
a) The ~3-10 Myr time interval and ~100-600 km scale in which porphyry Cu ore 
provinces develop (British Columbia, southwest USA, the central Andes, Luzon 
cordillera, PNG highlands) indicate that episodes of magmatic fertility for Cu-Au 
metallogeny occur on temporal and spatial scales similar to variations in the 
crustal-scale stresses in evolving tectonic settings. 
b) All Cu, most Au and most Au-Cu mineral belts occur in volcanic arc segments 
which are/were under significant crustal compression. 
c) Crystal fractionation is a first-order process that 1s required for magmatic 
enrichment of incompatible elements (H20, sulfur, chlorine) needed for ore 
deposition. 
In Chapters 2, 3 and 4, the tectonic framework of Mindanao was described, and the 
magmatic events in the Tampakan district were spatially and temporally linked to the 
evolving tectonic framework, based on regional geological, structural and 
geochronological data. This chapter presents petrological and petrochemical data 
indicating that the syn- to late-collision magmatic suite in the Tampakan district became 
increasingly hydrous and enriched in incompatible elements, relative to pre-collision 
magmatism in the district and relative to pre- and post-collision magmatism along the arc 
to the south and north, respectively. The increasingly hydrous character, which is 
expressed by the advance of hornblende in the crystallisation sequence and retardation 
of plagioclase crystallisation, is variable not only along the arc, but also in time, and is 
intimately related to the strain effects of crustal collision in Mindanao. In this chapter, 
petrochemical evidence is presented for prolonged, deep-level, lower-crustal hydrous 
fractionation of magmatic suites in the Tampakan district. 
This chapter also discusses the effects of extended hydrous fractionation that produces 
petrochemical characteristics that are similar to adakites, a magmatic rock type that is 
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historically attributed to melting of plagioclase-free eclogite in subducted oceanic crust 
and leaving a garnet-bearing restite. Petrochemical data from the Tampakan district 
indicate that rocks with adakitic signatures are probably misinterpreted in many arc 
settings in the literature, and that many of those interpreted as derived by melting of an 
eclogitic slab may instead be the products of prolonged, high-pressure crystal 
fractionation under hydrous magmatic conditions near the base of the crust. 
Magmatism associated with active subduction, syn-collision (slab stalling) and post-
collision stages of the Sangihe volcanic arc extend from the northern tip of Sulawesi in 
Indonesia (0-2°N) and the eastern margin of the Celebes Sea, northward to southeast and 
central Mindanao (6-9°N) and further northward to Camiguin Island in the Bohol Sea 
(~9.2°N) (Figure 5.1). The Sangihe arc has experienced a southward-propagating series 
of collision events associated with crustal compression since the late Miocene. These 
events are tabulated from north to south in Table 5.1. Magmatic rocks from the north to 
south succession of districts along the Sangihe arc (Figure 5.1) allow investigation of the 
petrological and petrochemical variations along the Sangihe arc in the context of their 
pre-, syn- and post-collision tectonic settings. These sequences provide an opportunity to 
ascertain whether there are unique petrochemical characteristics within the mineralised 
Tampakan district segment of the arc. Furthermore, exposed magmatic rocks in the 
Tampakan district extend from the middle Miocene (Sulop Formation), and are semi-
continuous in age from the late Miocene to the present (Chapter 4 - magmatic cycles 1, 2, 
3, 4a, 4b and 5). Consequently, magmatic rocks from the Tampakan district allow the 
petrological and petrochemical record during this period to be monitored for changes 
that may be critical to the development of, or reflect a transition to, metallogenic fertility 
which produced the porphyry Cu and subsequent high-sulphidation Cu-Au deposit 
during the early to middle Pliocene collision event. 
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Table 5.1 Southward propagating collision events within the Sangihe arc and the tectonic setting 
of samples for which petrochemical data were compiled (all districts) and generated (this study). 
Region Compressional 
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(Ma) 
Tectonic Cause 
Magmatism 
Age 
(Ma) 
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Figure 5.1 (A) - Principal magmatic provinces along the Sangihe arc for which petrochemical 
data were compiled or generated. The magmatism on Camiguin Island, northern Mindanao and 
central Mindanao are post-collisional; magmatism in the Mt Apo district is recent post-
collisional; whereas magmatism in the Tampakan district spans the pre-, syn- and late-
collisional periods. The northeast Celebes Sea is currently syn-collisional, which may account 
for the relative paucity of subaerial magmatism (and lack of volcanic islands) in the 4°N to 6°N 
latitude interval. Recent to Pleistocene age magmatism in the southeast Celebes Sea and northern 
tip of Sulawesi are pre- to early-collisional. (B) Proportion of igneous rock types within each 
district (post 5 Ma), and (C) a frequency plot of wt.% Si02 for magmatic rocks within each 
district. The two districts from which syn-collision to recent post-collision magmatism was 
sampled, Tampakan and Mt Apo, have the most evolved igneous suites defined by a greater 
abundance of evolved andesite to dacite (>60 wt.% Si02). 
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5.2 PETROLOGY OF THE TAMPAKAN AND SANGIHE ARC SUITES 
5.2.1 Petrology of the Tampakan Magmatic Suite 
The intrusive and extrusive rocks of the Tampakan district comprise hornblende-
bearing porphyritic basaltic andesites, andesites and dacites that erupted from, or were 
intruded into, a succession of spatially overlapping volcanic centres that developed 
during the late Miocene to Recent epochs. The principal petrological characteristic in all 
of the post middle Miocene rocks is the abundance of hydrous mineral phases 
(hornblende ± biotite ), which become more abundant with time. The Cycle 1-5 
terminology developed in Chapter 4 is applied to the suites discussed in this chapter. 
Descriptions of selected thin sections are given in Appendix B2. Rocks from magmatic 
Cycle 1 and Cycle 3 were collected from within the deposit and so are relatively altered. 
Immobile trace- and rare-earth-element concentrations of rocks from these two cycles are 
informative (§5.5), however pervasive alteration has masked their primary mineralogical 
and/or textural characteristics. 
Sulop Basaltic Andesite Basement 
Basalts and basaltic andesites of middle Miocene age, which erupted prior to collision 
within the Tampakan segment of the Sangihe arc, comprise porphyritic augite-phyric 
basaltic andesite (EA046375 and EA046376; Plate 22; page 178) and coarsely 
porphyritic plagioclase-augite-phyric basaltic andesite (EA012788 and EA046385). This 
sequence lacks hydrous phenocryst phases, such as hornblende and biotite, which appear 
during subsequent syn- and late-collisional magmatic cycles. The mineral assemblage of 
this sequence compnses augite+plagioclase+magnetite+ilmenite. Clinopyroxene 
phenocrysts display compositional zonation, and the groundmass typically has a 
plagioclase-augite intergranular texture. 
Cycle 2 Tampakan Andesite Sequence (late Miocene to early Pliocene) 
Cycle 2 magmatic rocks comprise porphyritic augite-hornblende andesite with minor 
(<0.5%) biotite (EA043207 and EA043209). Augite (8-12 %) is either more abundant or 
equal in abundance to hornblende (2-8 % ). Magnetite and apatite are present as 
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inclusions in plagioclase, clinopyroxene and hornblende phenocrysts, and within the 
groundmass, thereby indicating they are coeval with the phenocryst minerals. Biotite is a 
late crystallising phase. Plagioclase phenocrysts (cores; An32-AtLn) display micron-scale 
concentric compositional zonation that suggests growth within a convecting magma 
chamber. Hornblende phenocrysts display variable resorption along the crystal margins. 
The ragged embayments along the margins of hornblende phenocrysts are accompanied 
by development of turbid-coloured zones with fine-grained opaque mineral phases that 
formed during chemical reaction between decomposing hornblende phenocrysts and the 
melt. The decomposition of hornblende implies destabilisation by decompression during 
storage at shallow sub-volcanic depths prior to eruption. 
Cycle 3 Tampakan Andesite Sequence (early Pliocene) 
Samples from Cycle 3 are relatively altered due to their occurrence in the deeper 
portions of the Tampakan deposit, so identification of mafic phenocryst phases was not 
possible. Rare earth element (REE) data to be presented in §5.6 indicate that the 
fractionation of hornblende plays a much greater role in Cycle 3 rocks than in the Cycle 2 
rocks. Furthermore, based on comparison between the N-MORB-normalised REE data 
for Cycle 3 and Cycle 4b, the degree of hornblende fractionation is comparable between 
these two stages (e.g. Figure 5.19). If Cycle 4b (described below) is a petrological 
analogue to Cycle 3, then augite was probably absent from the Cycle 3 volcanics. 
Cycle 4a Tampakan Andesite Sequence (middle Pliocene) 
Rocks from Cycle 4a are similar to those of Cycle 2, and comprise porphyritic augite-
hornblende andesite (EA049678, EA045799, EA043212, EA043206 and EA045045). 
Biotite is locally present as a late crystallising phenocryst phase. Augite (8-10 % ) is more 
abundant than hornblende ( 4-6 % ) in the three less evolved samples, whereas hornblende 
(8-15 %) is more abundant than augite (5-7 %) in the two more evolved samples. Augite 
phenocrysts have Mg numbers of 85-87. Magnetite and apatite occur as inclusions in the 
principal phenocryst phases, and magnetite ( ~ 2 % ) is also present throughout the 
groundmass. Accessory zircon and ilmenite are present as inclusions within some 
plagioclase and augite phenocrysts. The groundmass of the porphyritic andesites is 
extremely fine-grained and is often weakly propylitically altered by the district-scale 
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hydrothermal event associated with high-sulphidation epithermal mineralisation. Micron-
scale compositional zonation, Carlsbad twinning and albite twinning are ubiquitous 
within the plagioclase phenocrysts. The hornblende phenocrysts in two samples have 
resorbed rims peppered with opaque oxides. 
Plagioclase phenocrysts are of andesine composition (An29-A144) and commonly 
display sieve-like textures within the cores of large phenocrysts in some samples, whereas 
in others the sieve texture is developed along intermediate growth bands or along the 
exterior portion of the phenocrysts. The sieve texture consists of interconnected lacy 
filaments of melt inclusions that comprise 10-30 % of the sieve-textured zones, and that 
were trapped along resorbed surfaces of phenocrysts. The texture represents intermittent 
corrosion of the plagioclase phenocrysts and subsequent plagioclase overgrowth. The 
episodic corrosion was most likely produced by chemical disequilibrium induced by new 
magma injection into the chamber. In sample EA049678, late-stage biotite is replaced and 
mantled by hornblende. This reflects a temporary regression in the crystallisation 
sequence and is further evidence of crystal-liquid disequilibrium within the crystallising 
magma. Whereas plagioclase and hornblende phenocrysts display textural evidence of 
resorption during magma mixing and during shallow-level emplacement, uncorroded 
augite phenocrysts have remained in textural equilibrium with the melt, which indicates 
that the disequilibrium perturbations are toward more primitive melt compositions and 
mineral assemblages. 
Cycle 4b Andesite and Dacite Plugs (Pleistocene) 
Rocks from Cycle 4b comprise sparsely porphyritic hornblende andesite and dacite in 
which hornblende ± biotite is the sole mafic silicate phenocryst phase, and augite is 
absent. The departure of clinopyroxene from the crystallising assemblage reflects the 
increasingly hydrous and evolved nature of the melts in which magmatic water contents 
exceed 6 wt.% H20 (Chapter 6). That is, the chemical components that are normally 
partitioned into pyroxene are instead used to crystallise hornblende under conditions of 
high pressure and high water activity. 
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Apatite, magnetite, ilmenite and zircon are locally present as inclusions in plagioclase 
and hornblende phenocrysts. Plagioclase phenocrysts with andesine cores (An36-Ar44) 
display compositional zonation (Plates 23 and 24; page 178) and sieve textures (Plate 25) 
similar to the preceding cycles of magmatism. In sample EA043214, a regression in the 
crystallisation sequence had occurred wherein phenocrystic biotite, which usually 
crystallises during the later stages of differentiation, is replaced and mantled by 
hornblende (Plate 35; Chapter 6). Fe-Ti-oxide and hornblende-plagioclase temperature 
estimates for this sample (Chapter 6; Table 6.3) reveal that it had been heated from 
~765°C (hornblende-plagioclase temperature) to ~906°C (two-oxide temperature), 
corroborating the textural evidence for magma mixing during input of hotter, more 
primitive melt into the chamber. In addition to the absence of augite, the coarser 
groundmass grain size and gradational range in plagioclase grain sizes is a second 
petrological characteristic that is in contrast to preceding stages. While andesites from 
Cycles 2 and 4a are strongly porphyritic and have a bimodal grain size, evolved andesites 
to dacites of Cycle 4b contain fewer coarse-grained phenocrysts and have a wide-range of 
plagioclase grain sizes within the, on average, coarser grained groundmass. These seriate-
textured rocks represent intrusive plugs, stocks and flow-dome complexes that intruded 
or were emplaced at shallow-crustal levels, and so experienced a slower cooling history. 
Cycle 4b rocks are not associated with a central stratovolcanic centre as are the rocks of 
Cycle 2, 3 and 4a. They occur as scattered and isolated stocks or flow-domes. 
Hornblende phenocrysts from four of the seven samples of Cycle 4b have pristine rims 
(Plate 26), whereas three samples display the resorption textures (Plate 27) that are typical 
of hornblende phenocrysts in the preceding magmatic cycles. 
The lack of a principal stratovolcanic centre for the Cycle 4b rocks implies the absence 
of an upper-crustal magma chamber during the Pleistocene. Al-in-hornblende 
geobarometry (Chapter 6) indicates that hornblende from Cycle 4b rocks crystallised at a 
pressure of 5-6 kbars within a lower-crustal magma chamber at ~ 18-22 km depth. The 
sporadic and widespread distribution of the Cycle 4b intrusions, lack of a central volcanic 
structure and the pristine hornblende rims in many of these rocks are consistent with 
ascent of Cycle 4b magma directly to the surface from a regionally extensive lower-
crustal chamber (where hornblende is stable). 
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EA045376 - Middle Miocene age augite-bearing basaltic andesite. Augite glomercrysts 
produce a glomeroporphyritic texture. 
EA04321 l - Pleistocene Lambayong intrusive plug. Plagioclase displays a continuum in 
grainsize within the matrix to sparsely scattered plagioclase and hornblende phenocrysts. 
Compositional growth zoning and Carlsbad twinning is common in plagioclase. Hornblende 
phenocrysts display sharply defmed grain boundaries. 
EA046377 - Pleistocene Lambayong plug. Compositional growth zoning within a plagioclase 
glomerocryst. 
EA043211 - Pleistocene Lambayong intrusive plug. Plagioclase with an internal sieve-texture 
defined by interconnected networks of fme-grained melt inclusions that were trapped by 
successive cycles of phenocryst corrosion and overgrowth. 
EA043214 - Pleistocene Logdeck Andesite. Growth zonation in a stable hornblende 
phenocryst. 
EA046377 - Pleistocene Lambayong plug. Resorbed hornblende phenocrysts. 
EA045002 - Quaternary Mt Matutum Andesite. Highly resorbed hornblende phenocrysts with 
local internal biotite inclusions. 
EA045003 - Pleistocene intrusive hornblende-biotite andesite with fine grained and opaque 
reaction rims along a corroded and resorbed biotite phenocryst. 
EA043205 - Quaternary Mt Matutum hornblende-andesite showing the hornblende-rich 
phenocryst assemblage and sieve-like resorption textures in plagioclase phenocrysts. 
EA045205 - Mt Matutum Andesite with compositional growth zonation in a plagioclase 
phenocryst, and an internal hornblende inclusion that in turn overgrows a biotite inclusion. 
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Cycle 5: Mt Matutum Andesite (late Quaternary) 
The young Mt Matutum andesite is the most hornblende-rich member of the Tampakan 
district suite. It is a porphyritic hornblende-plagioclase andesite which comprises 
~10-15 % hornblende phenocrysts (Plates 30 and 31), ~30 % plagioclase phenocrysts and 
minor (2-4 % ) biotite phenocrysts. Clinopyroxene is also absent from this suite. 
Plagioclase phenocrysts (An33-An34 cores) contain inclusions of hornblende (Plate 33), 
apatite and zircon, whereas hornblende phenocrysts contain inclusions of plagioclase, 
biotite, magnetite and apatite. Plagioclase phenocrysts display similar textural features to 
those of the preceding stages: sieve textures (Plates 31 and 32); concentric compositional 
zoning (Plate 33); Carlsbad- and albite-twinning; and local hornblende overgrowths on 
biotite. 
The principal petrological features and trends that are observed in the Tampakan district 
suite from the late Miocene to Recent are: 
• Pre-collision magmatism in the Tampakan district segment of the Sangihe arc 
during the early to middle Miocene comprised of clinopyroxene-bearing basaltic 
andesites that lack hydrous phenocryst phases. 
• Early- to syn-collision magmatism during the late Miocene to middle Pliocene is 
associated with a transition to clinopyroxene- and hornblende-bearing andesites. 
• Late-collisional magmatism during the Pleistocene to Recent epochs is associated 
with hydrous, evolved hornblende-biotite andesites and dacites which lack 
clinopyroxene. 
• Hornblende phenocrysts from Cycle 2 and Cycle 4a show resorption textures that 
represent instability of hornblende at low pressures ( < ~ 1.5 kbars) within a 
shallow chamber that was associated with the building of stratovolcanoes during 
the Cycle 2 and Cycle 4a magmatic activity. 
• Hornblende phenocrysts from many of the Pleistocene Cycle 4b rocks show no 
evidence of disequilibrium resorption at lower pressures as do hornblende 
phenocrysts from the preceding magmatic stages. The widely scattered 
distribution of these intrusives, the lack of an associated central volcanic centre, 
the pristine phenocrysts rims in many samples, and Al-in-hornblende 
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geobarometry (Chapter 6), collectively suggest they were emplaced near the 
surface directly from a deep source in the lower crust. 
• There is textural evidence for repeated magma injection and chemical 
disequilibrium with the magma chamber( s) throughout the late Miocene to Recent 
epochs. Disequilibrium textures are observed in 10 of 16 samples described from 
Cycles 2, 4a, 4b and 5. 
5.2.2 Petrological Variations Along the Sangihe Arc 
In addition to the petrological and petrochemical data generated in this study from the 
Tampakan district, published data from other segments of the Sangihe arc were compiled 
and are listed in Appendix B4. The data were compiled from Corpuz (1992), Castillo et 
al. (1999), Elburg and Foden (1998), Morrice et al. (1983), Polve et al. (1997), Prouteau 
et al. (2000), Sajona et al. (1994, 1997, 2000) and Tatsumi et al. (1991). The data span 
approximately 8.33 degrees of latitude (0.9°N to 9.23°N; ~ 960 km; Figure 5.lA), 
extending from post-collision magmatism on Camiguin Island, northern Mindanao and 
central Mindanao, to recent post-collision magmatism in the Mt Apo district, syn- to late-
collision magmatism in the Tampakan district in southern Mindanao, and farther south to 
the presently active collision zone in the northeast Celebes sea ( 4 °N to 6°N), and areas of 
the Sangihe arc where there is active subduction in the southeast Celebes Sea and 
northern Molucca Sea (0°N to 4 °N). 
Figure 5.l(B) illustrates the latitude-dependant variation in the proportion of igneous 
rock types along the Sangihe arc based on their variation in Si02 content, and hence 
degree of differentiation, within the seven defined latitude intervals. Significant variation 
in the proportions of basalt ( 45-52 % Si02), basaltic andesite (52-55 % Si02), andesite 
(55-60 % Si02), silicic andesite (60-63 % Si02) and dacite (> 63 % Si02) are evident 
along the arc. All rocks plotted are less than 5 Ma in age. This sub-setting enables a 
south-to-north comparison from pre-collision to syn-collision to post-collision, with the 
Tampakan district subset of 3 7 samples representing magmatism from a syn- to waning-
collision setting. The Tampakan district contains the highest proportion of most evolved 
magmatic rocks, with 2: 60% Si02, compared to the other intervals of the arc. Rocks from 
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the neighbouring Mt Apo district to the north also have a high proportion of evolved 
andesites and dacites, reflecting advanced magmatic differentiation. These districts are 
the only two that contain syn-collision to recent post-collision magmatism at the surface. 
The northeast Celebes Sea (4-6°N) is currently syn-collisional (Figure 5.lA), however 
the paucity of subaerial magmatism in this latitude interval (n=3) precludes statistically 
reliable petrological comparison with the Tampakan and Mt Apo districts. The majority 
of samples from the eastern Celebes Sea occur in a pre- to early-collision setting between 
2°N and 4°N in the southeast Celebes Sea. Figure 5.l(C) displays the same whole-rock 
data as a cumulative frequency plot of wt.% Si02 within each segment, which also 
illustrates the higher proportion of more evolved magmatic rocks in the Tampakan and 
Mt Apo segments. 
Plotted in Figures 5.2, 5.3 and 5.4 are the distributions of the phenocryst phases, 
plagioclase, olivine, clinopyroxene, orthopyroxene, hornblende, and biotite along the 
Sangihe arc. All samples are younger than 5 Ma except those plotted as black circles. The 
distribution of collision-stage thrust faults in Mindanao and depth contours on seismic 
activity along the Molucca slab are shown in Figure 5 .2. Several broad trends can be 
identified at this regional scale. Plagioclase is a ubiquitous phenocryst phase along the 
entire arc length; however, the paucity of samples between 4-6°N, which are restricted to 
samples from the Marore and Dumarehe volcanic centres (Morrice et al. 1983), 1s 
attributed to a lack of extensive magmatic activity where collision is presently active. 
Olivine phenocrysts are less abundant along the arc. Olivine phenocrysts are present in 
a greater proportion of rocks from the southern portion of the arc in the southeast Celebes 
Sea region and in northern Sulawesi, where optically determined compositions range 
from Fo60 to Fo80 (Morrice et al. 1983). Notably, olivine is absent from the Tampakan 
district where the magmatic sequence is more evolved. The absence of orthopyroxene in 
the hornblende-bearing rocks from the Tampakan district can be explained by the 
chemical reactions below that represent stability of hornblende and instability of 
orthopyroxene. 
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124°E Plagioclase 126oE 124°E Olivine 126°E 
Figure 5.2 Distribution of plagioclase and olivine phenocrysts within post-5 Ma magmatic 
rocks along the Sangihe arc. Pre-, syn-, late- and post-collisional regions of the Sangihe arc are 
illustrated in the latitude intervals 0-3.8°N, 3.8-6°N, 6-6.7°N and 6.7-10°N respectively. 
Collision-stage thrust faults are shown in red (LHS). Contours on the depth to the Molucca Sea 
Plate slab (RHS) are from a "regionalised upper mantle" (RUM) seismic model of the earth by 
Oli Gudmundsson and Malcolm Sambridge (http://wwwrses.anu.edu.au/seismology/projects/ 
RUM/slabs/slabs.html). Black points are pre-5 Ma rocks. 
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124°E Orthopyroxene 12s0 E 124°E Clinopyroxene 126oE 
Figure 5.3 Distribution of clinopyroxene and orthopyroxene phenocrysts within post-5 Ma 
magmatic rocks along the Sangihe arc (white points). Points in black are pre-5 Ma 
rocks. 
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124°E Hornblende 12s0 E 124°E Biotite 126°E 
Figure 5.4 Distribution of hornblende and biotite phenocrysts within post-5 Ma magmatic 
rocks along the Sangihe arc (white points). Points in black are pre-5 Ma rocks. 
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Figure 5 .5 Histogram plot showing the proportion of rocks within each district, younger than 5 
Ma, which have the phenocrysts phases represented by the color- and hatch-coded patterns. Each 
group of columns plotted from left-to-right represent combined petrological data from one of 
seven districts, and are aligned in order of increasing latitude north from the equator (see Figure 
5.1 for district locations). Plagioclase phenocrysts (white columns) are present in all rocks and so 
have a 100 % column height in all districts. The Tampakan district is unique relative to the other 
adjacent and non-mineralised districts in that it lacks olivine (grey shade) and orthopyroxene 
(light blue shade). Of particular interest is the south-to-north incremental variation in the 
proportion of rocks with clinopyroxene phenocrysts (blue arrows) and with hornblende 
phenocrysts (yellow arrows). There is a gradual, then precipitous decrease in proportion of rocks 
with clinopyroxene as a phenocryst phase, and concomitant increase in proportion of rocks with 
hornblende as a phenocryst phase, from northern Sulawesi to the Celebes Sea and then to the 
Tampakan district in southeast Mindanao. This trend is reversed northward, where the proportion 
of rocks with phenocrystic clinopyroxene increases whereas the proportion of rocks with 
phenocrystic hornblende decreases, from the Tampakan district northward thru the Mt Apo 
district, central Mindanao and northern Mindanao. Olivine and biotite also show systematic and 
antithetic trends between the Tampakan district and northern Mindanao. The timing of 
magmatism relative to the collision event within each district, as tabulated in Table 5.1, is shown 
along the abscissa. It is evident that the transition from normal subduction (pre-collision) to 
early-, then to syn- and late-collision is associated with a progressive increase in the proportion 
of rocks with hornblende as a phenocryst phase while those with clinopyroxene decrease, as 
stress within the crust builds leading into and during the compressional event. Furthermore the 
transition from late-collision to increasingly post-collision settings is associated with an 
antithetic decrease in the proportion of rocks with hornblende phenocrysts and an associated 
increase in the proportion of rocks with clinopyroxene phenocrysts, as the compressional stress 
state within the crust decreases. The build-up of hornblende (at the expense of clinopyroxene) 
during the escalating compression, here shown varying in space along the arc, is also shown in 
§5.5 and §5.6 to occur within the Tampakan district over time (late Miocene to Pleistocene) and 
is identified in Chapter 6 to be the result of increasing magmatic water contents within the melts, 
which inturn are induced by increasingly deep, and long-lived lower-crustal magma reservoir 
entrapment during tectonic compression (Chapter 7). 
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Plagioclase Magnetite Cpx Opx Melt Hornblende 
f CaAl2Si20s + f Fe2"'Fe ~+ 04 + f CaFeSi206 + Fe2Si206 + SiO(OH)2 ° ~ DCa2(Fe ~+ Fe3+)(AISh)022(0H)2 
D represents a vacant alkali site in hornblende. 
Melt Melt Cpx Opx Pargasite Melt 
CaAl2Si20s0 + NaAlSi30s0 + CaMgSi206 + f Mg2Si206 + 5H20~NaCa2(M~l)AlzSi6022(0H)2+ 4SiO(OH)2° 
Orthopyroxene phenocrysts have a similar distribution to olivine phenocrysts. The only 
district which lacks orthopyroxene is the Tampakan district, where the syn- to late-
collision-stage magmatism is more highly evolved. Clinopyroxene is almost as abundant 
as plagioclase and is abundant in all districts. 
Illustrated in Figure 5.4 are the distributions of hydrous phenocryst phases, hornblende 
and biotite. Hornblende is present as a phenocryst phase in the syn- to late- and post-
collision regions of the arc in Mindanao, and is less abundant farther south. Volcanic 
centres within Mindanao that comprise a high proportion of hornblende-bearing suites 
include Tampakan, Mt Apo, Kalatungan, Kaatoan and Camiguin Island. Tampakan is the 
only long-lived volcanic centre where the entire suite of post-5 Ma magmatic rocks is 
hornblende-bearing. Biotite phenocrysts occur in more evolved stages of magmatic 
evolution where it is typically a late-crystallising phase. Biotite is most abundant within 
the Tampakan district, although it is locally present at the Mt Apo, Kalatungan and 
Kaatoan volcanic centres. Biotite is not reported from the magmatic suites of the 
northeast and southeast Celebes Sea and northern Sulawesi. 
Regional systematic trends are defined in the proportion of rocks containing olivine, 
orthopyroxene, clinopyroxene, hornblende and biotite as phenocrysts, from south-to-
north between the six southernmost districts within the Sangihe arc, from northern 
Sulawesi to northern Mindanao (Figure 5.5). These smooth trends indicate that 
hornblende progressively becomes more dominant as the arc is traversed from actively 
subducting regions in a pre-collision setting (north Sulawesi), to marginal areas 
undergoing early collision (Celebes Sea), and then to syn-collision and late-collision 
segments of the arc (Tampakan district). Hornblende progressively, and eventually 
totally, usurps clinopyroxene and orthopyroxene as the principal mafic phenocryst phase. 
Likewise, a traverse along the arc from areas of active collision (Tampakan district) to 
areas of increasingly post-collision magmatism (Mt Apo district, central Mindanao and 
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northern Mindanao) is associated with trends in which hornblende-bearing rocks decrease 
in their proportional abundance, and an antithetic trend in which the proportion of rocks 
with clinopyroxene as a phenocryst phase increases (Figure 5.5). 
The net effect of crustal stress on magmatic differentiation, as shown in Figures 5 .1 and 
5.5, is that volcanism becomes increasingly silicic, hydrous and hornblende- (± biotite-) 
bearing as the stress state within the crust increases from periods of normal subduction 
to periods leading into and during collision. The reverse trend occurs as the stress within 
the crust is progressively relieved after collision by initiation of new subduction zones 
adjacent to the collisional terrane - i.e., magmas become less evolved, less hydrous and 
progressively more clinopyroxene-bearing (at the expense of hornblende), as stress is 
relieved at plate margins along new subduction zones. The first half of the trend when 
the arc enters the collision-stage, which is observed northward from the southern to 
central portion of the Sangihe arc, is also observed and defined with greater precision as a 
temporal sequence within the Tampakan district using trace-element data from detrital 
zircons (§5.4 and §6.6.3), major- and trace-element petrochemistry (§5.5), and 
determination of magmatic water contents (Chapter 6) of pre-, syn- and late-collision 
rocks from the long history of magmatism in the Tampakan district. 
5.3 PETROCHEMICAL DATA ACQUISITION 
5.3.1 Sample Selection 
Fifty-three whole-rock samples from the Tampakan district were analysed for major-, 
minor- and trace-elements. Most samples were collected from outcrop, however a subset 
were collected from drillholes in the deposit. The grid coordinates of the sample locations 
and the tabulated major- and trace-element compositions are presented in Appendix B3, 
together with a digital topographic map of their locations. The samples were selected 
from the least altered portions of the major magmatic units. Four of the Pleistocene age 
andesite and dacite samples (Cycle 4b) were analysed by Dr F.Sajona for WMC 
Philippines Inc. in 1994. The units analysed were: 
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Middle Miocene basaltic andesite - Sulop Formation 
Late Miocene Tampakan Andesite Sequence - Cycle 1 
Late Miocene Tampakan Andesite Sequence - Cycle 2 
Early Pliocene Tampakan Andesite Sequence - Cycle 3 
Middle Pliocene Tampakan Andesite Sequence - Cycle 4a 
Pleistocene andesitic/dacitic plugs - Cycle 4b 
Recent Mt Matutum andesite - Cycle 5 
5.3.2 XRF and Laser Ablation ICP-MS Analyses 
n=8 
n=2 
n= 10 
n=5 
n= 15 
n= 13 
n=4 
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Major- and minor-elements were analysed by XRF by Dr Ulrich Senff of INAX 
Services (ANU). The elements analysed were Si02, Ti02, A}i03, Fe20 3, MnO, MgO, 
CaO, Na20, K20, P205, Rb, Ba, Sr, Zr, Nb, Y, Ni, Cr, Co, V, Cu, Pb, Zn and loss on 
ignition (LOI) determinations were made. Errors for the major-element oxides are better 
than 1 % of the major oxide concentrations whereas the minor elements are accurate to 
within 5% of their concentration. 
All other trace-element data were acquired using a laser-ablation ICP-MS (LA-ICP-MS) 
technique at the Research School of Earth Sciences (ANU). The elements analysed were 
Sc, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, 
Lu, Hf, Ta, W, Tl, Bi, Th, and U. In addition Rb, Sr, Y, Zr, Nb and Ba, acquired by XRF, 
were also acquired by LA-ICP-MS. Analyses were conducted on fused glasses made from 
the same batch of whole-rock powders used for the XRF analyses. To achieve 
representative micro-sampling of the samples using the laser ablation procedure, a 
technique was developed for synthesis of homogeneous glass from rock powders of 
andesitic to dacitic composition. Lithium metaborate flux (LiB02) was mixed with the 
whole-rock powders to assist convective homogenisation of the molten rock-powder by 
dilution of the Si02 content. The lithium metaborate flux was spiked with a solution 
containing 235U and 169Tm. The spike elements were incorporated into the whole-rock 
glasses to enable correction for short-range instrument drift between each ablation. The 
procedure for synthesis of the whole-rock glasses for LA-ICP-MS analysis is given in 
Appendix Bl. 
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Laser Ablation Analysis and Data Reduction Procedures 
The sample ablation procedure used a pulsed ArF excimer laser (Lambda Physik LPX 
120i) that emits at a photon wavelength of 193 nm. The metal-oxygen and metal-sulphur 
bonds in silicates and sulphides have electrostatic binding energies predominantly 
between 5.5 and 10.5 electron volts, which correspond to photon quantum energies at far 
ultra-violet wavelengths less than 220 nm (Loucks et al. 1995). The ArF excimer ultra-
violet laser system samples the glass by photo-evaporation (Figure 5.6), rather than by 
thermal-stress fragmentation typical of laser-ablation systems that use longer 
wavelengths. The rapid-pulse ArF excimer laser system coupled with a customized flow 
homogeniser ensured a uniform flow of ablated material into the mass spectrometer via a 
Ar-He carrier gas. The ablation spot was flushed with He during ablation, to inhibit re-
condensation of ablated plasma onto the surface of the material being sampled (Loucks et 
al. 1995). The trace-element petrochemical data were acquired during three analytical 
sessions. The data for the initial set of 22 samples was acquired on a Fisons PlasmaQuad 
PQII+ ICP-MS, whereas the data for the second set of 25 samples was acquired on a 
Perkin Elmer ELAN 6100 DRC ICP-MS. The final six samples were analysed on an 
Agilent 7500 Series (Hewlett Packard) ICP-MS. 
The data were obtained using an 84 µm ablation spot size, a laser pulse rate of 5 hertz 
and a pulse energy of ~100 mJ. Duplicate analyses were conducted with one ablation spot 
on two separate glass chips from each sample. Figure 5.7 shows the spot-to-spot 
precision of 20 repeat analyses conducted on a whole-rock glass of dacitic composition. 
Each photo-ablation sampling cycle lasted between 95 and 125 seconds, depending on 
the element sequence being analysed. The data compromised 89 to 130 time-slices of~ 1-
second-duration each, and the data were recorded as counts per second. Approximately a 
third of the time-slices at the beginning of each sampling cycle were used to measure pre-
ablation background count rates. Two analyses of the NIST 612 standard glass were 
conducted after every four pairs of analyses on fused glasses. The data were reduced in 
an Excel spreadsheet using the NIST 612 glass to correct for mass bias drift, and as a 
standard for count rates per unit concentration. Approximately 10 time-slices of data at 
the onset of ablation and at the end of each ablation cycle were discarded to ensure 
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measurements were made when there was a steady flow rate of ablated material into the 
mass spectrometer. Trace element data were also acquired on a sub-set of detrital zircons 
from the Tampakan district that were dated by the laser-ablation 238U-206Pb technique 
(Chapter 4, §4.5.9). The analyses are listed in Appendix B5. The elements analysed in 
zircon were P, Ti, Cr, Mn, Ga, Ge, Sr, Y, Nb, Mo, Sn, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th and U. 
Figure 5 .6 Scanning electron micrograph of flat-bottomed ablation pits in zircon produced with 
the ArF excimer laser. The first and second images show the ablation pits after 4 and 10 laser 
pulses respectively. The photo-evaporation technique produces smooth cylindrical sample pits 
without "cratering" which occurs in many laser sampling systems that use different wavelengths 
(image courtesy of Dr R. Loucks). 
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Figure 5.7 Twenty repeat analyses (plotted atop each other) for a range of elements in glass in 
which natural concentrations vary by approximately three orders of magnitude (e.g. Sr versus 
Dy). The error at 2-sigma standard deviation is listed adjacent to each cluster of data points. The 
reproducibility of the data in 20 analyses acquired at intervals during a 12 hour analytical session 
illustrates the excellent precision of analytical data acquired by the LA-ICP-MS, and the 
homogeneity of the dacite glass that was synthesised from whole-rock powder and lithium 
metaborate flux. 
5.4 DETRITAL ZIRCON CHEMISTRY 
The series of detrital zircon ages from the Tampakan district (Chapter 4, §4.5.9) records 
semi-continuous, although variable intensity, magmatism that extended from the late 
Miocene to Recent. The detailed chronological record of this data set allows the temporal 
framework of magmatism to be coupled with aspects of the evolving chemistry of the 
Tampakan magmatic system as recorded by the trace element composition of the dated 
detrital zircon grains. Several trends in the chemistry of the zircons provide substantial 
insight into magmatic processes and corroborate the magmatic "cycles" discussed in 
Chapter 4. Figure 5.8 shows several element ratios of detrital zircons, plotted against their 
238U-206Pb age. The element ratios Uffi, Ta/Ge and U/Ge (Figures 5.8 a,b,c) in zircon 
should mimic the progress of magmatic differentiation which enriches the melt in 
incompatible elements (including U and Ta) and depletes the melt in compatible elements 
(including Ti and Ge). Many more ages were obtained from detrital zircon grains of late 
Miocene to Recent age than from bulk rock samples, so the incompatible-on-compatible 
element ratios in the detrital zircon grains provide a higher resolution of the progress of 
magmatic differentiation. 
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The trends in Figure 5.8 reveal a succession of "ramps" in which the magmatic system 
builds to more evolved compositions, is then partially re-set to more primitive 
compositions and then evolves again in multiple successions. Each of these ramps, which 
collectively extend from the latest Miocene to the present, is correlated with the 
succession of magmatic cycles defined in Chapter 4. 
The initial build-up of incompatible-on-compatible element ratios occurs in the late 
Miocene from - 7 .3 Ma to -6 Ma. This first ramp is equivalent to the first major period 
of stratocone construction in the Tampakan district (Chapter 4, Figure 4.20) and is 
labelled Cycle 2 (Figure 5.8a). As outlined in §5.5.1, Cycle 2 is subdivided into Cycle 2a 
and Cycle 2b based on trace and rare earth element data, although these sub-stages are not 
resolved in the detrital zircon dataset. Between -6 Ma and -5.4 Ma the ratios decrease, 
reflecting more primitive compositions, after which they begin to climb steeply again 
between -5.4 Ma and -4.2 Ma. The development of this second ramp coincides with 
increasing compression within the district (Figure 2.16) during docking of northern and 
southern Mindanao along the Cotabato Fault Zone (Chapter 2). The formation of 
porphyry copper mineralisation at 4.26-4.24 Ma (Chapter 4) occurs near the top of the 
second ramp. This second ramp correlates with Cycle 3 magmatism defined in Chapter 4. 
This phase of stratocone construction was subsequently eroded away during unroofing of 
the porphyry system between 4.25 Ma and 3.93 Ma (§4.7.2 and §4.7.3; Chapter 4) during 
high or catastrophic erosion rates as the collision event approached its maximum during 
the early to middle Pliocene. The magmatic system then underwent a regression to more 
primitive compositions between -4 Ma and -3 Ma, during the peak of the collision 
(Figure 2.16) and immediately following the evolved magmatism which produced 
porphyry copper mineralisation at the peak of the preceding ramp. The high-sulphidation 
epithermal Cu-Au mineralisation at Tampakan (3.39-3.20 Ma) occurred during this 
interval of less evolvedmagmatism (Figure 5.8c). 
The third ramp extends from -3.7 Ma to -0.6 Ma (Figure 5.8 a,b,c) where 
incompatible-on-compatible element ratios build to greater values than in the preceding 
ramps. This ramp coincides with magmatic Cycles 4a and 4b. Sub-stage 4a (-3.7 Ma to 
-2.5 Ma) was the principal stratocone building event during the middle Pliocene, of 
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which the remnant landform is observed in topographic data (Figures 3.3-3.4). Igneous 
rocks of sub-stage 4b comprise widely scattered and evolved hornblende-andesites and 
dacites of Pleistocene age that occur in the southern portion of the district. A minor 
regression in the U/Ge ratio and Si02 occurred at the end of Cycle 4b ( ~0.6 Ma) prior to 
eruption of the Quaternary Mt Matutum Andesite (Cycle 5), which built a new stratocone. 
The important aspect of the trends defined in Figure 5.8 is that in each sequential cycle 
the maximum height of the crest at the top of each "ramp" is successively higher, and 
hence more evolved, than in each preceding ramp. The half-wavelength, or evolving 
portions, of the three principal ramps (Figure 5.8a,b,c) are between ~1 and 3 Myr 
duration. This length of time is substantially longer than the life span of magma chambers 
in the upper crust (typically < 400 Kyr) that are broadly equivalent to the construction 
period of individual stratovolcanoes. If each ramp, or mega-fractional crystallisation cycle 
were isolated magmatic systems related to independent and evolving chambers, with each 
being replenished from the mantle with minimal melt storage in the lower-crust, then 
petrochemical inheritance between cycles would not be observed; i.e., each ramp or 
successive differentiation trend would attain the same degree of incompatible element 
enrichment at the end of each mega-cycle. The trend to increasingly evolved compositions 
in successive ramps, each of 1-3 Myr duration, implies that there may be significant 
petrochemical inheritance of incompatible components as replenishing magma from the 
mantle mixes with residual evolved magma at the beginning of each cycle. The collection 
of cycles results in a long-term ramping of incompatible element concentrations. 
Figure 5.8 (opposite) Tampakan district detrital zircon chemistry plotted against zircon age 
(Ma). Both element abundances and 238U-206Pb ages were determined by laser ICP-MS analyses. 
Ratios U/Ti, Ta/Ge and U/Ge reveal long-term evolutionary trends in zircon chemistry that are 
consistent with a prolonged history of incompatible element enrichment (U and Ta) and 
compatible element depletion (Ge and Ti) in the parent magma. Long-lived chemical trends, 
which extend over~ 7 million years, can only be established by either: a) an upper mantle source 
region which is slowly changing composition with time; b) progressively decreasing amounts of 
partial melting; c) a long-lived and evolving magma reservoir at the base of the crust or in the 
lower-crust, where repeated melt replenishment and crystal fractionation have established 
continually evolving magma chemistry. The broadly coherent "zig-zag" trends in incompatible-
on-compatible element ratios lend support to the latter hypothesis, while the lack of alkalic to 
shoshonitic magmatism mitigates against b ). The Si02 values of rocks that have accurate age 
constraints (yellow data points, bottom) define a broadly equivalent trend toward more evolved 
magmas with time, supporting c ). 
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5.5 WHOLE-ROCK MAJOR- and TRACE-ELEMENT PETROCHEMISTRY 
5.5.1 Major- and Trace-Element Chemistry in the Tampakan District 
Post-middle-Miocene magmatic rocks from the district collectively comprise a calc-
alkaline suite that evolved from augite-bearing basaltic andesites typical of the regionally 
occurring middle Miocene sequence, to evolved augite-hornblende andesites in the 
middle Pliocene and to hornblende andesites and dacites during the Pleistocene. The data 
points plotted on the tectonic discrimination diagrams in Figures 5 .10 and 5 .11 were 
screened to eliminate the hydrothermally altered samples showing evidence of partially 
re-mobilised water-soluble alkali and alkaline-earth elements relative to less soluble 
alumina (Figure 5.9). 
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Figure 5.9 Total alkali and CaO over alumina (molar) ratios of Tampakan district samples 
plotted against Si02 (wt.%) to identify samples that are affected by base-cation leaching caused 
by hydrothermal alteration and/or weathering. Partially altered samples plot below the shaded 
envelope. Unaltered meta-aluminous rocks have ratios > 1.0. TAS = Tampakan Andesite 
Sequence. 
The Cycle 1 to Cycle 5 rocks of the Tampakan suite, plotted on an AFM discrimination 
diagram (Figure 5.10) define a calc-alkaline trend, with FeOTotaI depletion occurring at 
early stages of differentiation, typical of calc-alkaline series rocks. On the Th-(Hf/3)-Ta 
plot, all the data plot within the convergent-plate-margin field and lie within the 
continental and post-collisional arc field on a La-(Ti/100)-(Hfxl 0) plot. 
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Figure 5.10 Tectonic discrimination plots for the Tampakan magmatic suite define a calc-
alkaline series that formed along a convergent margin in a continental or post-collisional setting. 
The post-late-Miocene suite in the Tampakan district was emplaced in/on the continental crustal 
fragment of southern Mindanao in a syn- to late-collisional setting (Chapters 2 and 4). In the La-
(Ti/100)-(Hfx.10) plot (after Wood et al. 1979) the middle-Miocene augite-bearing basaltic 
andesites, which form the basement to the polygenetic Tampakan volcanic complex, plot at the 
oceanic-arc-end of the array, consistent with the marine setting (intercalated limestones - Chapter 
3) identified in the middle Miocene Sangihe arc in south Mindanao. 
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Figure 5 .11 indicates that the Tampakan suite is sub-alkalic, with the rock types ranging 
from basaltic andesite during the middle Miocene, to dominantly andesite and 
trachyandesite during the late Miocene to Pliocene (Cycles 2a to 4a) and with evolved 
andesites to dacites becoming abundant during the Pleistocene. The most recent volcanic 
sequence is sourced from the dormant Quaternary Mt Matutum stratovolcano that is 
currently erupting andesitic rocks. The rocks from the Tampakan district straddle the 
medium-K to high-K field on the K10 versus Si02 plot. The highest value that plots in the 
shoshonitic field comes from a late-stage dyke which post-dates high-sulphidation 
mineralisation. The low CaO, Na20, Sr and high Ba values for this sample suggest that 
the K20-enrichment is due to feldspathisation. 
Trace element patterns for the Tampakan suite are presented as "spidergrams" in Figure 
5.12. The plotted elements are arranged from left-to-right in order of decreasing 
incompatibility, and were normalised to N-MORB using the normalisation factors of Sun 
and McDonough (1989). Elements which plot above the "sample/N-MORB = l" 
horizontal line are enriched in the melt relative to average N-MORB, whereas those that 
plot below the line are depleted in the melt relative to average N-MORB. The Tampakan 
suite displays a "spiked" pattern typical of volcanic arcs, with significant enrichment in 
large-ion-lithophile elements (LILE: Cs, Rb, K, Pb and Sr) due to transport of these fluid-
mobile elements from the slab into the source region of the melts, and due to the high 
incompatibility of these elements in residual minerals during partial melting in the mantle. 
Typical "arc-type" negative anomalies in high-field-strength elements (HFSE), such as 
Nb, Ta and Ti, are also evident (Figure 5.12a-h) due to retention of these elements in 
refractory phases such as rutile and ilmenite during devolatilisation of the slab (Brenan et 
al. 1994) or during partial melting of the mantle. 
Harker diagrams for major and trace elements are plotted in Figures 5.14a-o. These 
collectively show significant variation. This variation is a function of the wide-range of 
ages of the rocks that represent multiple volcano-building episodes within the volcanic 
complex and the identification of magma mixing as an integral process within the 
Tampakan magmatic system (Figure 5.13). 
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Figure 5.13 (opposite) Representative plots of mixing relationships between evolved melt at 
the end of magmatic cycles and a hypothetical parental melt. Because Ti02 and Th are relatively 
immobile elements, they are reliable elements for identifying process in complex multi-cycle 
melt fractionation events. A) Ti02 displays compatible behaviour throughout the crystallisation 
interval of the Tampakan series because of early crystallisation of ulvospinel ± ilmenite. In this 
example where the major element oxide always displays compatible behaviour, magmatic 
differentiation produces concave-upward depletion curves. Mixing between differentiated 
magmas and their parental precursor will always produce hybrid melts that are more enriched in 
the compatible element at a given Si02 content. Ti02 shows progressive enrichment in successive 
cycles due to back mixing with a common parental melt. The Ti02 data suggest that each new 
hybrid melt became a parental melt to successive magmatic cycles. B) Th is an incompatible 
element during early evolution of basaltic andesites and andesites, but becomes compatible 
during zircon saturation in silicic andesites and dacites. Th displays a hump-shaped fractionation 
trend. Mixing between magma that is on the incompatible accumulation side of the curve and a 
parental melt will also produce a hybrid melt that is enriched in Th at a given Si02 content (e.g. 
Cycle 2a-2b transition). If the magma mixes with a parental melt when Th is on a depletion 
trend, after zircon saturation, the hybrid melt produced by mixing will, in most cases, be depleted 
in Th. The wide scatter of data points from the Tampakan volcanic centre is not a function of 
poor analytical precision, nor of Ti02 or Th mobility, but is likely due to successive cycles of 
magmatic evolution and back mixing with a common parental melt at the end of each cycle. The 
insert to (B) shows that highly convoluted trends in chemical behaviour can be produced by 
successive replenishment and crystallisation cycles, and that chemical modelling of the liquid 
line of descent in these long-lived lower-crustal magmatic systems would be fraught with 
complexity. Most of the scatter in the Harker diagrams is explainable by a mixing process that is 
best resolved in the Ti02 and Th data. These data corroborate magma chamber recharge events 
that are inferred from the detrital zircon chemical data, and further indicate that the 
petrochemical evolution of successive magmatic cycles in the Tampakan district represent a 
long-lived, multi-cycle mixing phenomena that spans the late Miocene to Recent. 
In Figures 5.14a-o, the envelopes that define "fractionation trends" for each cycle are 
likely to include an unquantified degree of mixing in the manner outlined in Figure 5 .13 
for the entire series, and so many of the defined trends in the Harker diagrams may not be 
due to a simple, single fractionation sequence. Nevertheless, broad controls on the 
appearance of some mineral phases in some magmatic cycles can be qualitatively 
assigned. In some Harker diagrams an additional subdivision is introduced whereby Cycle 
2 is subdivided into Cycle 2a and Cycle 2b, based on the distinct REE trends of these two 
sub-stages (Figure 5.19c and 5.19d), and based on a difference in some major- (Ah03), 
minor- (P20 5) and trace-element (Zr, U, La) trends between these two sub-stages 
(Figures 5.14e,j, k, n, o). 
Trends for K20 and Ba (Figures 5.14h and 5.14i) show hump-shaped patterns or 
significant inflexions for the Cycle 2a~2b~3 progression and in Cycle 4a. These 
petrochemical trends suggest that biotite enters the crystallisation sequence at ~59-60% 
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Figure 5. l 4a-o Major and trace element Harker diagrams. Data points shown in parentheses are 
significantly altered and excluded from defined fractionation trends of mobile elements, but are 
retained in trends that involve relatively immobile elements. 
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Si02 for Cycle 2a-2b-3, at ~59% Si02 for Cycle 4a, and significantly earlier at < 57 % 
Si02 for Cycle 4b where K20 and Ba show depletion trends commencing at the most 
primitive end member of the cycle. Although there is scatter in the data, biotite appears to 
enter the crystallisation sequence at slightly more mafic stages of differentiation in 
successive cycles. FeOT, V and Ti02 (Figures 5.14b,d and 5.13) behave as strongly 
compatible elements in all cycles, consistent with early magnetite saturation. Cycle 4a 
shows a persistent inflexion for all three elements, suggesting that magnetite may have 
saturated in the melt at ~54 % Si02. P205 concentrations (Figures 5.14j,k) within most 
cycles increases until apatite saturation, after which they decrease in concentration with 
further differentiation. Apatite saturation is observed at < 54 % Si02 for Cycle 2a, at ~59-
60 % Si02 for Cycle 2b and at ~58 % Si02 for Stage 4a (P205). The concentrations of Zr, 
and U (Figures 5.14n,o) are controlled by the behaviour of zircon within the melt. Both 
elements behave as strongly incompatible elements during the early stages of 
fractionation in each cycle. During zircon saturation, they become weakly compatible by 
partitioning into zircon, and decline in concentration. Rocks from Cycle 2a do not appear 
to reach zircon saturation (Figure 5.14n), however zircon saturation is reached in Cycle 
2b at ~59-60 % Si02. All Cycle 3 rocks are zircon-saturated. Zircon saturation is attained 
in Cycle 4a rocks at~ 60 % Si02 and in Cycle 4b at ~60-61 % Si02. 
MgO (Figure 5.14a) shows incompatible behaviour throughout the fractionation 
sequence, however Cycle 2a-2b-3 and Cycle 4a-4b show broad inflections at ~60 % Si02, 
where the rate of decline in MgO becomes less. These inflections may represent departure 
of augite from the crystallisation sequence, leaving hornblende as the sole mafic 
fractionating phase. This transition is supported by the lack of augite in Cycle 4b rocks 
(§5.2.1). Both Y and Yb (Figures 5.141,m) display weakly compatible trends in most 
cycles, with the exception of Cycle 4b where they are both strongly compatible. The 
1 D Y andYb 1 t. t DYandYb (F. 5 15) ~ th . . arger Hornblende/Melt re a ive o Augite/Melt igure . may account ior e mcreasmg 
compatibility of Y and Yb in Cycle 4b where hornblende usurps and modally 
compensates for augite in the fractionation sequence. 
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Figure 5.15 Partition coefficients for Y and Yb between hornblende plus augite and melt 
compiled from published crystallisation experiments listed above. 
Trends in CaO, Ab03, Sr ± Na20 yield information relevant to the varying relative 
intensity of plagioclase fractionation within the different magmatic cycles of the 
Tampakan series. CaO depletion with increasing fractionation (Figure 5.14c) is steepest 
for Cycles 2a-b and 3, and is progressively less steep for Cycles 4a and 4b. Because 
plagioclase is modally the most abundant CaO-bearing phase, the stepwise shallowing in 
the CaO-depletion trends from the late Miocene (Cycles 2a, 2b) and early Pliocene (Cycle 
3) to the middle Pliocene (Cycle 4a) and to the Pleistocene (Cycle 4b) suggests that 
plagioclase fractionation is becoming less significant with time. Likewise, Ab03 shows a 
corresponding flattening of the depletion curve in successive magmatic cycles. The Ab03 
fractionation curve (Figure 5.14e) is steepest in Cycle 2a and 2b, intermediate in Cycle 4a 
after plagioclase saturation at ~58-59 wt% Si02, and is flat in Cycle 4b. This time-
dependant variation that is controlled by sequentially less plagioclase fractionation in 
successive magmatic cycles is also illustrated in the Sr data (Figure 5 .14 f) where Sr is 
strongly compatible in Cycle 2a, is weakly compatible after plagioclase saturation in 
Cycle 4a and is incompatible in Cycle 4b. These trends suggest that plagioclase 
fractionation is significantly diminished in these younger magmatic stages. The broad 
inflexion in Ab03 at 58-59% Si02 for Cycle 4a, and in Sr at the same interval (59% 
Si02), may reflect plagioclase entering the crystallisation sequence at this stage of 
differentiation in Cycle 4a. The flat Ab03 trends and the incompatible behaviour of Sr in 
Cycle 4b suggest that plagioclase saturation is not recorded in the chemical data for this 
cycle. These data collectively indicate that plagioclase fractionation is hindered, and that 
plagioclase enters the fractionation sequence at progressively later stages with each 
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succeeding magmatic cycle. As discussed in §5.5.2 and in Chapter 6, the successive delay 
in plagioclase fractionation is caused by a progressive build-up of magmatic water 
contents in successive magmatic cycles. 
5.5.2 Crystallisation Sequence of the Tampakan Suite 
Trends in the relative appearance of fractionating mineral phases, and their relative 
intensity, can be identified for two principal phenocryst phases, plagioclase and biotite, 
but can only be broadly inferred for augite and hornblende due to the natural scatter in the 
data. These variations are all consistent with a progressive increase in magmatic water in 
successive magmatic cycles. Biotite advances slightly in the crystallisation sequence in 
successive cycles: 2a-2b-3 ( ~59-60% Si02); Cycle 4a ( ~59% Si02; and Cycle 4b ( < 57 % 
Si02). Plagioclase saturation retreats to progressively later stages of magmatic 
differentiation in successive cycles: Cycle 2a ( <55 % Si02); Cycle 4a ( ~58-59% Si02); 
and Cycle 4b (>66% Si02) and becomes modally less abundant over time. Augite 
fractionation tends to decrease over time within and between cycles, while hornblende 
increases over time. 
Plagioclase phenocrysts are present in all samples of Cycle 4a, including the less 
differentiated members at 51-58 % Si02 despite Alz03 and Sr trends (Figures 5.14e,f) 
that suggest plagioclase saturation at ~58-59 wt% Si02. Furthermore, plagioclase is 
present in all Cycle 4b rocks despite flat Alz03 and strongly incompatible Sr trends that 
indicate plagioclase saturation has not affected the whole-rock chemical compositions. 
This paradox is created by the inheritance of bulk rock chemical compositions that 
evolved from prolonged high-pressure crystallisation in the lower-crust below the 
plagioclase stability field. The presence of plagioclase phenocrysts in the basalt and 
basaltic andesite stage of Cycle 4a (51-58 wt.% Si02) most likely represent plagioclase-
undersaturated melts from a lower-crustal reservoir (§5.7.2 and §6.4), where plagioclase 
is unstable in basalts and basaltic andesites (Figure 5 .16), that have ascended into the 
plagioclase stability field at lower pressures (Figure 5.16, path B-F). These melts that 
must contain high concentrations of plagioclase-forming molecular components, would 
crystallise plagioclase during ascent and decompression. This allows plagioclase 
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Figure 5.16. Phase diagram for mineral stability compiled from six experimental data sets in 
which a parental olivine tholeiite melt (Kilauea Basalt: Yoder and Tilley, 1962; Spulber and 
Rutherford, 1983; Holloway and Burnham, 1972), or more evolved equivalents that lie close to 
or along the liquid line of descent from an olivine tholeiite (basalt, Poli, 1993; calc-alkaline 
andesite, Green, 1972; tonalite, Schmidt, 1993). The data source for each experimental control 
point (hexagons) is colour-coded. The saturating mineral phases are shaded as indicated in the 
legend. The plagioclase stability field is shown in blue shading and the plagioclase-in and 
hornblende-in fields are shown by the light blue and pink lines, respectively. The width of the 
arrow A-C represents the mean pressure and mean error of three Al-in-hornblende pressure 
estimates (Chapter 6) for the most evolved magmas that were transported to the surface directly 
from a lower-crustal reservoir (path C-D) during the early Pliocene and Pleistocene. In the 
Tampakan district plagioclase is present in all erupted samples, which range in Si02 content 
from 51 .1 to 67 .0 wt.% Si02, despite trends in Ah03 and Sr which suggest that plagioclase 
saturated at ~58-59 wt.% Si02 in Cycle 4a, and trends of Sr/Y (§5 .7.2) that require significant 
periods of plagioclase-free magmatic differentiation. This paradox is explained by prolonged and 
slow fractionation of the Tampakan series in a lower-crustal reservoir, at high pressure (as 
recorded by Al-in-hornblende barometry), below the plagioclase stability field (path A-B). This 
allows the Ah03 and Sr trends in Cycle 4a (and other cycles) to record plagioclase saturation 
that was delayed to a later andesitic stage of magmatic differentiation (~58-59 wt% Si02). The 
presence of plagioclase in rocks of Cycle 4a (and other preceding cycles) that have less than 58 
wt% Si02 is due to decompression during ascent, when plagioclase under-saturated melts (<~58 
wt% Si02) ascended into the plagioclase stability field (path B-F) and erupted shortly thereafter 
(path G-H). Increasing the water activity of the magmatic series over time causes the plagioclase 
field to shrink to even lower temperatures while the hornblende field expands to higher 
temperatures. 
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phenocrysts to crystallise at shallow levels from a melt that has inherited its bulk chemical 
composition from a deep, high-pressure, and hydrous fractionating magma chamber 
where plagioclase crystallisation was suppressed by high pressures in basalts and basaltic 
andesites. 
The crystallisation sequence for Cycles 4a and 4b which lack plagioclase crystallisation 
in basaltic andesites and andesites, respectively, reveals that significant crystallisation of 
ma.fie cumulate sequences, comprising augite-hornblende-magnetite cumulates, must 
have occurred prior to crystallisation of plagioc/ase in these cycles. Plagioclase may have 
preceded mafic cumulate fractionation only in Cycle 2a in which magmatic water 
contents are lower (Chapter 6). The relatively late arrival of plagioclase fractionation, 
which first appears after augite and magnetite in Cycle 2b, and which began to crystallise 
after augite, hornblende and magnetite in Cycles 4a and 4b, is at odds with Bowen's low-
pressure reaction series where calcic plagioclase crystallises with olivine at the earliest 
stages of differentiation and continues during subsequent crystallisation of pyroxene, 
hornblende and biotite. 
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Figure 5.17 (a) Crystallisation experiments (red points) conducted on a high-alumina basalt 
from Atka Island, Aleutian Arc, at water under-saturated conditions at constant pressure of 2 
kbars. (b) Crystallisation experiments (black points) conducted on a primitive andesite (55.8 % 
Si02) at water saturated conditions with varying Pmo· The crystallisation sequence is 
significantly re-ordered at progressively higher water contents in both sets of experiments (a) and 
(b ), primarily due to the stabilisation of hydrous mineral phases at higher temperatures and the 
destabilisation of anhydrous aluminosilicate polymer phases at high temperatures. Diagrams are 
reproduced from Baker and Eggler (1983) and Moore and Carmichael (1998). 
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An early olivine-plagioclase association and subsequent pyroxene-plagioclase 
association is typical of the relatively dry, low-pressure tholeiitic series (e.g. MORB) in 
which plagioclase appears amongst the earliest crystallising phases. 
Figures 5 .1 7 a and 5 .1 7b illustrate the effect on the crystallisation sequence, of adding 
water to a high-alumina-basalt (Baker and Eggler, 1983) and to a primitive andesite 
(Moore and Carmichael, 1998). In relatively dry melts (~1-2 wt.% H20) plagioclase is the 
first phase to enter the crystallisation sequence during cooling, at 1120-l 180°C, followed 
by olivine, Cpx, Opx, Fe-Ti-oxides and finally hornblende. In contrast hornblende 
(hydrous phase) advances in the crystallisation sequence and eventually becomes the first 
phase to crystallise in strongly hydrous melts (5-6 wt.% H20), while plagioclase 
(anhydrous phase) recedes in the crystallisation sequence. The reversal in the relative 
appearance of plagioclase and hornblende is more pronounced in typical calc-alkaline 
series rocks that are less aluminous ( 17 .6 wt.% Ah03 - Figure 5. l 7b ), because the lower 
alumina activity forces the plagioclase-in line shown in Figure 5.17a to shift to lower 
temperatures at all water contents. In the case of hydrous melts with water contents of 
~ 7 wt.%, plagioclase may even become the last phase to enter the crystallisation sequence 
at 920 °C (Figure 5. l 7b ). 
The late appearance of plagioclase has been defined in a number of experimental 
studies and in natural rocks. (1) Blattner and Carmichael (1998a) identified high 
magnesium andesites (57-59 wt.% Si02) and andesites (60-62 wt.% Si02) from the 
Western Mexican Volcanic Belt which lack plagioclase phenocrysts. Based on water-
saturated experiments, they concluded that suppression of plagioclase crystallisation at 
the andesite stage of differentiation required water-saturated liquids (> 3 wt.% H20) at 
pressures of about 1 kilobar. (2) The Jijal complex of the Kohistan arc comprises of 
websterites that are overlain by amphibole pyroxenites and gamet-amphibolites (Miller 
and Christensen, 1994; Burg et al. 1998), and are in tum overlain by gabbronorites that 
comprise pyroxene and plagioclase (Muntener et al. 2001). Thus plagioclase crystallised 
later than orthopyroxene, clinopyroxene and hornblende. (3) Muntener et al. (2001) 
conducted water under-saturated igneous crystallisation experiments at 12 kbars on a 
basalt (51.68 wt.% Si02) and a high Mg# andesite (57.79 wt.% Si02) from the Mt Shasta 
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region (northern California). In the basalt sample, clinopyroxene, orthopyroxene ±garnet 
and spinel crystallised at ~3.8 and ~5.0 % H20 down to 1070°C, after which amphibole 
crystallised in basaltic and andesitic liquids in the absence of plagioclase. Clinopyroxene 
and orthopyroxene crystallised at 5.0 wt.% H20 in the high Mg# andesite sample in the 
absence of plagioclase. 
5.6 RARE EARTH ELEMENT TRENDS 
The lanthanide elements, collectively known as the rare earth elements (REE), and 
yttrium, are particularly useful as geochemical indicators of processes involving trace 
element partitioning among minerals and between minerals and melt. The shape of a 
normalised REE concentration plot approximates the inverse shape of a plot of partition 
coefficients REEDMin!Melt for the dominant, or combination of dominant, fractionating 
minerals within a melt. Consequently the major fractionating mineral phases can be 
predicted from Masuda-Coryell-type (Masuda, 1962; Coryell et al. 1963) normalised 
REE plots, and qualitative relative changes in the modal dominance of fractionating 
phases can be tracked through time provided age constraints are available. Figure 5.18 
shows the concave-up spoon-shaped patterns of normalised REE's produced by 
hornblende fractionation (Arth and Barker, 1976; Luhr et al. 1984), and is reproduced 
here together with other common fractionating phases because of their relevance to the 
Tampakan suite. 
Figure 5 .18 A plot of the melt/mineral partition 
coefficients for rare earth elements between common rock 
forming minerals and calc-alkaline melts. The data for 
plagioclase, augite, magnetite and apatite are modelled after 
the analyses of Luhr et al. (1984) of minerals and glass in the 
El Chich6n trachyandesite. The data for rhyodacite 
melt/garnet are plotted from Irving and Frey (1978). The 
data for dacite melt/hornblende are from Arth and Barker 
(1976). The data for dacite melt/zircon are from Nagasawa 
(1970). Key diagnostic features in Masuda-Coryell-type 
normalised REE plots include the depletion of Eu in the melt 
by plagioclase fractionation, and the depletion of middle and 
heavy REE's by pyroxene and/or hornblende fractionation. 
The MREE depletion caused by hornblende fractionation is 
most pronounced and produces a characteristic spoon-shaped 
pattern. Both garnet and zircon fractionation produce marked 
depletion in the heavy REE's. The same general patterns can 
be produced if these mineral phases behave as a refractory 
residue within the melt source region. 
Magnetite 
<> 
Zircon 
La Pr Pm Eu Tb Ho Tm Lu 
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REE data for the Tampakan district are presented in Figures 5.19a-h as N-MORB 
normalised plots for the sequential time series of magmatic rocks, and are an expansion of 
the spidergram plots in Figure 5.12. The middle Miocene Sulop basaltic andesite 
sequence (Figure 5.19a) displays a REE pattern that reflects a combination of pyroxene 
and plagioclase fractionation, consistent with the lack of hornblende in petrographic 
samples. The middle to heavy rare earth element (MREE and HREE; Dy to Lu) patterns 
are relatively flat, and only slightly depleted relative to N-MORB. The principal mafic 
phase responsible for these patterns is likely to be augite. 
REE patterns for Cycle 1 (late Miocene) are broadly similar (Figure 5.19b), although 
the entire pattern moves to lower N-MORB-normalised values. The congruence of the 
shape of the N-MORB-normalised REE patterns relative to the basement basaltic andesite 
sequence suggests that a similar augite-plagioclase mineral assemblage is fractionating. 
The lower values may reflect increased augite (± minor hornblende) fractionation and 
lesser plagioclase fractionation. 
Cycle 2 magmatism has been subdivided into two sub-cycles based on the differing 
light rare earth element (LREE) normalised abundances (Figures 5.19c and 5.19d). In 
Cycle 2a, the entire REE pattern moves to slightly higher values and greater congruency 
with the REE patterns for rocks that preceded Cycle 1. Lesser hornblende and increased 
augite-plagioclase fractionation should be capable of producing the required shift to 
higher values for all of the REE's. The presence of a distinct Eu-anomaly in the N-
MORB normalised patterns (Figure 5.19c) corroborates interpretations that plagioclase 
may play a greater role in Cycle 2a relative to Cycle 1. In Cycle 2b, most patterns show 
increasing LREE concentrations while the HREE normalised values remain relatively 
constant, or decrease slightly. The steepening of the LREE to MREE segment and the 
diminishment of the Eu-anomaly suggests that plagioclase fractionation, which enriches 
the melt in MREE relative to LREE (Figure 5.18) is decreasing in activity, thus allowing 
hornblende and augite to produce a steeper LREE to MREE segment of the normalised 
REE trend. 
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Figure 5.19 N-MORB normalised rare earth element plots for the basaltic andesite basement 
sequence and for magmatic Cycles 1, 2a, 2b and 3. 
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In Cycle 3 (which culminates in the formation of porphyry Cu ore), the entire N-
MORB-normalised REE pattern moves to significantly lower values (Figure 5.19e) 
relative to Cycle 2b. This downward shift is consistent with both a further decrease in 
plagioclase fractionation and a progressive transition from augite fraction to hornblende 
fractionation. That is, the observed change in REE trends, from Cycle 2b to Cycle 3 
(Figure 5. l 9e ), mimics the inverse partition coefficient trends in which augite 
fractionation is increasingly supplanted by hornblende fractionation (Figure 5.18). A 
further decrease in plagioclase fractionation is indicated by a gradual shift from negative 
to neutral to positive Eu-anomalies in Cycles 2a, 2b and 3 respectively (Figures 
5. l 9c,d,e ). 
In Cycle 4a (Figure 5.19f), the REE trends return to those observed in Cycle 2b (Figure 
5. l 9d). That is, the dominance of hornblende fractionation decreases relative to augite 
fractionation, resulting in shallowing and flattening of the MREE to HREE segment. The 
N-MORB normalised Lu value decreases systematically as the silica content increases in 
Cycle 4a-4b (see appendage to Figures 5.19f,g). If the silica content increases 
systematically with time in the Cycle 4a rocks, then the progressive decrease in N-
MORB-normalised Lu values, and corresponding deepening trough in the MREE to 
HREE trends, must reflect progressive increase in hornblende fractionation through the 
course of Cycle 4a. This systematic increase in hornblende fractionation continues 
through Cycle 4b (Figure 5.19g) in which hornblende fractionation becomes increasingly 
dominant. Furthermore, several units within Cycle 4b show development of a positive Eu-
anomaly, suggesting further delay in plagioclase crystallisation. The gradual evolution in 
REE patterns from Cycle 4a to 4b is relatively similar to the evolution observed from 
Cycle 2b to 3. REE trends for Cycle 5 (Quaternary Mt Matutum stratovolcano) show a 
regression to less depleted MREE and LREE values, consistent with decreasing 
hornblende fractionation and increasing augite fractionation. 
In Figures 5.19a-h, the HREE trends (Er~Lu) are relatively flat and only Lu shows a 
minor increase to higher values. An additional fractionating mineral phase, which has 
high partition coefficients for the heaviest REE's, is required in addition to hornblende 
and augite in order to yield the relatively flat HREE trends. 
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Zircon and garnet have sufficiently high D~;:;1 1 Melt values to lower the normalised HREE 
values. Crystallisation of minor garnet is not likely to be the cause becomes garnet 
becomes unstable above ~ 14 and ~ 13 kbars at 800°C in H20-saturated gabbro and 
tonalite respectively (Lambert and Wyllie, 1972; Lambert and Wyllie, 1974), and above 
~ 11 kbars at 900°C in andesitic rocks (Green, 1972). Zircon crystallisation is the most 
likely cause because the melt/zircon partition coefficients (Figure 5.18) show that the 
partition coefficients n:~rc;:i::~:, have values of ~300-750. Furthermore, primary 
crystallising zircon crystals, which yield concordant 238U-206Pb ages (Chapter 4) in rocks 
with silica contents as low as 54.8 wt.%, are present in most of the Tampakan series. 
Zircon is present in relatively primitive basaltic andesites (~54-55 wt.% Si02) despite 
minor element trends (Figures 5.14n,o and 5.13b) that reveal a reversal towards Zr, U and 
Th depletion and hence zircon saturation at 58-60.5 wt.% Si02• This discrepancy may 
indicate that eruptions tapped both the upper, zircon-bearing, evolved portions of a 
magma chamber and a lower-level, zircon-free and less evolved portion of the chamber 
synchronously, wherein mixing of the ascending melt from a chemically stratified 
chamber resulted in zircons being incorporated into a hybrid melt that was more primitive 
than the melts from which the zircons crystallised. Evidence supporting this interpretation 
includes the disequilibrium textures observed in more reactive (less refractory) minerals 
as a result of magma mixing (Plates 25, 28-29, 31-33). 
In summary, the REE data for the Tampakan senes reveal successively evolving 
magmatic cycles, these being Cycle 1, Cycles 2a-2b-3, Cycles 4a-4b, and Cycle 5. During 
the commencement of each cycle set, augite fractionation is either dominant (Cycles 1 
and 2a) or significant (Cycles 4a and 5). During progressive differentiation of Cycles 
2a~2b~3 and Cycles 4a~4b, both augite and plagioclase become progressively less 
important while hornblende becomes progressively more important as a fractionating 
phase (Figure 5.20). The evolution in the REE patterns described above is consistent with 
the element ratios in detrital zircons (Figure 5.8) that show a corresponding, time-
dependant, cyclic evolution in chemistry. 
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Figure 5.20 Plot of N-Morb-normalised La/Yb against time for the Late Miocene to Recent 
Tampakan magmatic suite. The black points have age constraints that were reported in Chapter 
4, and are arranged in chonological order from oldest (left) to youngest (right). The yellow data 
points do not have exact age constraints but are plotted within their respective magmatic cycles 
shown by the vertical grey bands. The yellow data points in each cycle are arranged according to 
increasing Si02 content relative to the dated samples within each cycle. The time scale on the 
abscissa is non-linear because not all data points have age dates. The well-constrained age 
progression in LaNNbN values reveals two dominant mega-cycles of magmatic evolution (Cycle 
l-2a-2b-3 and Cycle 4a-4b) whose peaks and troughs correspond with those in the detrital zircon 
chemical data in Figure 5.8 and Figure 6.6 (Chapter 6). These two mega-cycles are also resolved 
in the whole-rock Si02 (Figure 5.8). LaNNbN ratios track the overall steepness of the normalised 
REE curves in Figure 5.19. Both hornblende and plagioclase have the greatest variation in 
Df:neral!Melt relative to D;J;neral!Mett (Figure 5.18), excluding garnet as it is absent from the 
Tampakan suite. Increasing LaN~ ratios are produced predominantly by increasing 
hornblende fractionation. The most hydrous magmatic series (Cycle 3 and end of Cycle 4b) occur 
at the end of the two mega-cycles that are resolved by these data. The two red points show the 
timing of porphyry copper mineralisation and high-sulphidation epithermal mineralisation 
relative to the LaNN~ trend. Porphyry copper mineralisation formed during the final stages of 
the first mega-fraction cycle when magmas were most hydrous and dominated by hornblende 
fractionation. In contrast, high-sulphidation mineralisation formed when magmas were 
significantly less hydrous in Cycle 4a. 
5.7 PETROCHEMICAL INDICATORS OF HIGH MAGMATIC WATER 
CONTENTS 
The petrological and petrochemical features of the Tampakan magmatic series reveal 
that it is an atypically hydrous suite and that hornblende and biotite are integral 
components at relatively early stages of magmatic differentiation. The hydrous nature of 
the series is expressed primarily by high modal abundances of hornblende as a 
fractionating phenocryst phase, and suppression of plagioclase crystallisation. Successive 
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magmatic cycles show that hornblende is present at the basaltic andesite stage of 
differentiation, and that the transition from augite-dominated fractionation to hornblende-
dominated fractionation occurs at progressively earlier stages in successive cycles. The 
cause of these trends over the past 7 Myr is attributed to cyclic climbing magmatic water 
contents over this interval (Chapter 6). 
If high magmatic water contents are an essential feature of ore-forming melts, then 
petrochemical discriminants which identify and track the effect of water in re-ordering the 
crystallisation sequence of phenocrysts in calc-alkaline rocks can provide a useful tool to 
enable mineral explorationists to effectively identify and target metallogenically fertile 
segments of volcanic arcs. Furthermore, if the tectonic setting which facilitates 
production of unusually high water activities is identified (Chapters 2 and 7), then these 
same petrochemical discrimination ratios may allow identification of tectonic process 
variation along present and former magmatic arcs. 
5.7.1 The Effect of Water on Crystallisation Sequence. 
Successively higher magmatic water contents in a magmatic senes produce two 
principal effects. Firstly, the anhydrous mineral phases: olivine; plagioclase; 
orthopyroxene; clinopyroxene; and Fe-Ti-oxides are progressively delayed in the 
crystallisation sequence to more advanced stages of differentiation as the primary 
magmatic water content of a fractionating cycle increases (Figure 5.17). This effect is 
caused by the de-polymerisation of Si-Si and Na-Al-Si polymers within the melt by 
selective hydroxylation of Na and Si (Burnham 1979, McMillan 1994). Increasing 
dissolved H20 in the melt also dilutes the concentrations of all other chemical 
components, and so selectively depresses the crystallisation temperatures of non-silicates 
(e.g. Fe-Ti oxides) as well as anhydrous aluminosilicates. Secondly, high water activities 
advance and stabilise the crystallisation of hydrous mineral species such as hornblende 
and biotite during magmatic differentiation. Provided water activities are sufficiently 
high, hornblende saturation may precede plagioclase saturation in very hydrous magmas, 
whereas in water-poor magmas, the reverse is always true (Figure 5.17). The reversal in 
plagioclase and hornblende crystallisation, which is induced by hydrous magmatic 
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differentiation, produces distinctive and atypical trace-element signatures that can allow 
recognition of high water activities within calc-alkaline differentiation series. 
5. 7.2 Petrochemical Effects of Hydrous Melt Fractionation. 
Anomalous trends in several major and trace elements that partition strongly into 
plagioclase (Sr, Ah03) and hornblende (Y, HREE, FeO) are observed in the Tampakan 
suite. Plotted in Figures 5.21a-i are these elements versus wt.% Si02 for the Tampakan 
district, and for comparative purposes, for several other representative arcs and arc 
segments in the southwest and western Pacific. The data plotted include late Miocene and 
younger rocks from the Tampakan district (n = 49), the Sangihe arc segment in the 
eastern Celebes Sea (n = 24), the Halmahera Arc (n = 43), the Banda Arc (n = 169) and 
the North Honshu arc (n = 480). The Sangihe-Celebes, Halmahera and Banda arcs are 
built on oceanic crust while the Tampakan district and the north Honshu arc are built on 
continental crust. The data for the comparative districts were compiled from Whitford and 
Jezek, (1979); Vroon, (1992); Vroon et al. (1993); Jezek and Hutchison, (1978); 
Honthaas et al. (1997); Morris et al. (1983); Ikeda, (1991); Kimura et al. (2001); Yoshida 
and Aoki, (1984); Hayashi, (1985); Aoko and Fujimaki, (1982); Kanisawa et al. (1994); 
Miyajima, (1990); Tamura, (1994); Ujike and Stix, (2000); Togashi et al. (1992); Aoki et 
al. (1989); Sakuyama and Nesbitt, (1986); Shuto and Yashima, (1990); Fujinawa, (1992); 
Suzuki, (2000); Tamura and Shuto, (1989) and Kobayashi and Nakamura, (2001). 
Although strontium (Sr) is enriched in most arc sequences relative to back arc and 
MORB basalts, due to the transfer of Sr from the slab to the mantle wedge source region, 
the behaviour of Sr during magmatic differentiation is typically that of a compatible 
element that decreases in abundance during magmatic differentiation. Plagioclase is the 
major sink for Sr because of the highn;;agioclase!Melt [1.31 ~5.28 for andesite; Ewart and 
Griffin, 1994; Bacon and Druitt, 1988; Philpotts and Schnetzler, 1970] and because 
plagioclase is usually the modally most abundant crystallising phase. The data for the 
representative arcs in Figure 5.21a all show Sr behaving as a compatible element, with the 
exception of the Tampakan district where Sr increases markedly during magmatic 
differentiation. 
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Figure 5 .21 Sr, Y and Sr/Y versus Si02 for the Tampakan district, Cele bes Sea segment of the 
Sangihe arc, Halmahera arc, Banda arc and the north Honshu arc. 
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Contamination of the melt by Sr-bearing limestone sequences can be excluded because 
87Sr/86Sr ratios in representative rocks of the district have typical mantle signatures (e.g., 
in EA043207, 87Sr/86Sr = 0.703658 ± 0.000011; in EA043204, 87Sr/86Sr = 0.703852 ± 
0.000015). The paucity of coarse plagioclase phenocrysts in many of the high-Sr rocks 
(>900 ppm), and the lack of significant core-to-rim zonation, suggest that these are not 
plagioclase flotation cumulates. The high Sr values are attributed to retardation of 
plagioclase crystallisation that allows Sr to accumulate within the melt to advanced stages 
of magmatic differentiation. 
In most arc sequences, yttrium (Y) is emiched in the melt during magmatic 
differentiation, since D{'agiocJase!Mett andD~livine!Mett are typically< 0.2 for basalts, andesites 
and dacites (Drake and Weill, 1975; Dunn and Sen, 1994; Ewart and Griffin, 1994; 
Bindeman et al. 1998; Beattie, 1994; Nielson et al. 1992 and Kennedy et al. 1993), and 
D{Yroxene!Mett is mostly <1.0 for basalts and andesites (Jenner et al. 1994; Hack et al. 1994; 
Hart and Dunn, 1993; Larsen, 1979). Thus Y typically behaves as an incompatible 
element as observed in the comparative Sangihe-Celebes, Halmahera, Banda and north 
Honshu arcs (Figure 5.21b). In contrast, Yin the Tampakan suite behaves as a compatible 
element, decreasing in abundance with progressive magmatic differentiation. Hornblende 
is the major sink for Y because of highD;1'0 mbtende!Mett values [e.g. D = 1.47 in basalt-
andesite, (Sisson, 1994); D = 2.46 in dacite, (Sisson, 1994) and D = 11.3 in dacite, (Ewart 
and Griffin, 1994)]. Hornblende fractionation within basaltic andesites, andesites and 
dacites causes depletion of Y in the melts from the Tampakan district during magmatic 
differentiation. 
The suppression of plagioclase crystallisation until late stages of magmatic 
differentiation, by high water activities (Figure 5 .17), has pronounced effects on the 
evolution of Ah03 versus Si02 (Figure 5.21d). Ah03 is typically a compatible element in 
most arc suites because early plagioclase saturation depletes the melt in Ah03. 
Decreasing Ah03 with increasing Si02 is observed in the rocks from the Celebes Sea 
segment of the Sangihe arc, the Halmahera arc, the Banda arc and in the north Honshu 
arc. In contrast, the Tampakan suite shows rising or flat Ah03 concentrations with 
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Figure 5.21 cont'd. Ah03, FeO(T) and Ah03/FeO(T) versus Si02 for the Tampakan district, 
Celebes Sea segment of the Sangihe arc, Halmahera arc, Banda arc and the 
north Honshu arc. 
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increasing differentiation. This atypical trend is produced by plagioclase suppression that 
allows Ab03 concentrations to gradually increase during differentiation from a basaltic 
liquid to an evolved andesitic liquid. 
Plagioclase phenocrysts within the Tampakan series display unusual compositions that 
are distinctive relative to most other arc magmas. Normal plagioclase compositions of 
low-Kand cale-alkaline magmas in island arcs typically range from An25 to An100, with a 
mean composition of plagioclase in basalts at ~Anso, basaltic andesites at ~An75 and 
andesites at ~An67 (Ewart, 1982). Plagioclase phenocrysts from the Tampakan series have 
compositions that range between Ano.26 and Ano.43 and lie at the sodic end of the normal 
range of plagioclase compositions in low-K and cale-alkaline basaltic andesites and 
andesites. The relatively sodic plagioclase compositions are attributed to a prolonged 
prior history of high-pressure and hydrous magmatic differentiation in the lower-crust 
(Chapter 6); i.e., substantial augite plus hornblende fractionation and suppressed 
plagioclase fractionation allowed the parental melt to evolve to relatively high Na/Ca 
ratios prior to plagioclase saturation during ascent. This would allow sodic plagioclases to 
crystallise from relatively sodic parental melts as they ascended into the plagioclase 
stability field at low pressures (Figure 5.16; path B-F). The corollary is magmatic systems 
that are dominated by low pressure and relatively anhydrous differentiation where augite 
plus plagioclase fractionation (Figure 5.16; path E-F) produce melts with lower Na/Ca 
ratios and more caleic plagioclase. The high Na/Ca ratios of the Tampakan suite relative 
to comparative arc suites is shown in Figure 5 .21 i. 
Like strongly cale-alkalic arc suites elsewhere, rocks from the Tampakan district suite 
have low FeO concentrations at specified silica contents relative to the selected tholeiitic 
to transitional arc suites that are plotted for comparison in Figure 5 .21 e. The principal 
minerals that remove Fe from the melt during magmatic differentiation at Tampakan are 
magnetite(± ilmenite) and hornblende. The cause oflow FeO concentrations is a result of 
the effect of water in reordering the crystallisation sequence. In hydrous magmatic series, 
the crystallisation of plagioclase, olivine, orthopyroxene and clinopyroxene are 
suppressed until later stages of differentiation (Figure 5.17). Furthermore, early saturation 
of the melt with hornblende, which occurs due to its stabilisation at more primitive stages 
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Figure 5.21 cont'd. FeO(T)/MgO and Na20/FeO(T) versus Si02 for the Tampakan district, 
Celebes Sea segment of the Sangihe arc, Halmahera arc, Banda arc and the 
north Honshu arc. 
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of magmatic differentiation under high water activities, contributes to the marked Fe-
depletion that is observed in the Tampakan series relative to those of the comparative arcs 
plotted in Figure 5.2le. The effect of high water activity in producing calc-alkaline 
petrochemical trends [i.e. minimal FeOT/MgO enrichment (Figure 5.21g), an~d Ah03ffi02 
enrichment] mimics the effect of pressure in producing the same trends. High pressures 
advance spinel in the crystallisation sequence and delay plagioclase and olivine to later 
stages in the crystallisation sequence. It is this same pressure dependence that results in 
spinel lherzolites occurring at deeper levels in the crust/mantle than overlying plagioclase 
lherzolites. In Chapters 6 and 7 it will be demonstrated that the Tampakan series 
fractionated within a deep lower-crustal chamber where high pressures further 
contributed to the pronounced calc-alkaline characteristics of the series (Ab03-
enrichment and FeO-depletion). 
In Figure 5.2lf, the petrochemical features that are characteristic of the calc-alkaline 
series magmas, namely Ab03-enrichment and FeO-depletion, are ratioed against each 
other to magnify the petrochemical signal of high-pressure and hydrous magmatic 
differentiation that produces calc-alkaline series rocks. Of the representative arcs plotted 
in Figure 5.21f, the Tampakan district has the greatest proportion of high Ab03/FeO(T) 
values and the steepest climb in Ab03/FeO(T) values. This same effect is illustrated in 
Figure 5.21h where early Na20/FeOT ratios evolve much more rapidly to high values due 
to N a20 enrichment in the melt by high pressure and hydrous suppression of plagioclase 
crystallisation, and early FeO depletion. 
5.7.3 Sr/Y Ratios as Indicators of Hydrous Fractionation, Not Slab Melting. 
Extrapolation of the trends for Sr and Y (Figures 5.21a-b) back to more primitive 
compositions for the relatively anhydrous fractionation series (Sangihe-Celebes, 
Halmahera, Banda and north Honshu) and the strongly hydrous series (Tampakan), reveal 
a convergence point which represents a "common" parent at ~50 wt.% Si02. Both Sr and 
Y begin to diverge after ~50 wt.% Si02, suggesting that the anomalous Sr and Y trends 
are initiated during the course of crystal fractionation rather than inherited from the 
source region. The ratio of SrN is a sensitive indicator of hydrous magmatic 
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differentiation. In relatively water-poor melts (1-3 wt.% H20) and in low-pressure melts, 
Sr/Y ratios will decrease along the liquid line of decent whereas Sr/Y ratios for strongly 
hydrous magmatic series or high-pressure series will rapidly increase with progressive 
magmatic differentiation (Figure 5 .21 c ). 
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Figure 5.22 Plot of SrN versus Y for the Tampakan district and several comparative arcs in the 
southwest and western Pacific. The Tampakan district displays an anomalous trend wherein 
SrN increases with increasing magmatic differentiation, and opposes the trend of decreasing 
SrN with increasing magmatic differentiation that is observed in the Celebes Sea segment of the 
Sangihe arc, the Halmahera arc, the Banda arc and the north Honshu arc. The crystallisation 
sequence for a H20 -saturated tholeiitic picrite parent melt at 1 bar and 6 kbars pressure is shown 
on the right hand side. The effect of both high magmatic water contents (Figure 5 .17) and high 
crystallisation pressures ( 6 kbars, see above and Figure 5 .15) is to delay plagioclase saturation in 
the melt to substantially lower temperatures and more advanced stages of differentiation, and to 
advance hornblende saturation in the melt to earlier, more primitive stages of differentiation and 
at higher temperatures, relative to magmatic series which develop under water-poor conditions 
and/or low pressures. The reversal in appearance of plagioclase and hornblende in the 
crystallisation sequence produces the divergent trends in SrN versus Y above. Hydrous and 
high-pressure sequences will evolve from A to B during magmatic differentiation whereas 
relatively water-poor and low-pressure sequences will evolve from A to C. 
Figure 5.22 shows the Sr/Y ratios plotted against Y. Hydrous and/or high pressure 
magmas in which plagioclase crystallisation is retarded and hornblende saturation is 
brought forward in the crystallisation sequence evolve to high Sr/Y ratios and low Y 
values, because the suppression of plagioclase crystallisation allows Sr to build up in the 
melt during early stages of differentiation while hornblende fractionation depletes the 
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melt in Y. The SrN and Y values of parental melts that have intermediate water contents, 
and/or crystallise at intermediate pressures, may not substantially evolve in SrN ratio or 
Y concentration, and will remain clustered around the parent value of SrN (15-25) and Y 
(17-22 ppm) over a range of silica concentrations, similar to the behaviour shown by the 
Celebes Sea segment of the Sangihe arc (Figures 5.21a,b,c and 5.22[yellow points]). 
High SrN ratios are a chemical characteristic of adakites. Defant and Drummond 
(1990) identified a suite of rocks called "adakites" that are inferred to be the product of 
melting of the subducted slab. Whereas most arc-related magmas are derived from 
melting of the mantle wedge that has been variably metasomatised by fluids or hydrous 
melts released from the slab (Tatsumi et al. 1986; McCulloch and Gamble, 1991 ), a small 
group of chemically distinctive rocks have been interpreted by Defant and Drummond 
(1990) as representing melting of eclogitic portions of the subducted slab. The 
petrochemical characteristics of these rocks, as defined by Defant and Drummond (1990), 
include: 2:'.: 56% Si02; 2 15% A}i03; <3% MgO (locally> 6%); low Y and HREE relative 
to island arc andesites, dacites, and rhyolites (e.g., Y ::;; 18ppm and Yb ::;; 1.9 ppm); high 
Sr relative to island arc andesites, dacites, and rhyolites (usually >400 ppm); and absent 
or positive Eu anomalies. Other characteristic petrochemical features of "adakites" 
include very steep normalised LREE-to-MREE-to-HREE trends and high SrN ratios(> 
20). The marked depletion of HREE's and Y within "true adakites", generated by melting 
of eclogitic basaltic crust, has been attributed to their retention within residual garnet 
during partial melting of the eclogitic slab. A high-Mg variant of "adakites" from Adak 
island in the Aleutian arc, first recognised by Kay (1978), was defined by Drummond and 
Defant (1990) as their type locality. 
Since the initial description by Kay (1978), and their formal definition by Defant and 
Drummond (1990), rocks with "adakitic" signatures have been reported by increasing 
numbers of workers in a wide-range of localities. Defant and Drummond (1990) 
recognised that fractional crystallisation of plagioclase drives melts toward low Sr and 
high Y, and that besides garnet, only residual or fractionating hornblende ± 
clinopyroxene can push melts towards high SrN and low Y. They indicated that the SrN 
and Y values of "adakites" cannot be achieved by fractional crystallisation if plagioclase 
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crystallises together with hornblende and pyroxene. In most studies where rocks with 
"adakite signatures" are purported to be products of slab melting, the high Sr and low Y 
concentrations of these rocks are attributed to the effects of residual phases within the 
source region of melting, particularly garnet ± hornblende, and little emphasis is given to 
addressing the effect of hornblende fractionation and delayed plagioclase fractionation. 
An exception is Castillo et al. (1999) who argued that the central Mindanao adakites 
described by Sajona et al. (1993, 1994, 1997) and Maury et al. (1996) do not have the 
extremely high SrN and LaNb ratios that are possessed by the more probable slab-
derived melts from southernmost Chile, the glass inclusions in peridotite from Batan 
Island (Schiano et al. 1995) and the magnesian andesites from Adak Island. Castillo et al. 
( 1999) indicate that variable fractionation of plagioclase and hornblende can sufficiently 
alter the bulk concentrations of Sr and La relative to Y and Yb to produce the observed 
adakitic signatures of the central Mindanao "adakites", which they attribute to mixtures of 
mafic and differentiated melts by normal AFC processes. Castillo et al. (1999) also 
indicate that minor fractionation of zircon and/or apatite could produce the HREE 
depletion trends that further impart an "adakitic signature" to the central Mindanao rocks. 
Thermal modelling of subducting slabs by Peacock (1990a,b) and Peacock et al. (1994) 
indicate that the conditions that permit melting of the slab are restricted to; (1) subduction 
of young (<10 Myr, Peacock, 1990b; <5 Myr, Peacock et al. 1994) and hence warm 
oceanic crust; (2) initial subduction into thermally undisturbed and hence hot mantle 
(Peacock, 1990a); and/or (3) high rates of shear heating. The age of the subducted 
Molucca Sea Plate is ~65 Myr (labelled as "Sangihe" in Defant and Drummond, 1990). 
The Molucca Sea Plate is an old and hence cool fragment of the Indian-Australian plate 
(Hall, 1996) that is unlikely to melt given the constraints imposed by thermal models. 
Furthermore, the Molucca slab had been continuously subducting beneath southeast 
Mindanao since ~20 Ma (Hall, 1996). The mantle wedge should have been cooled 
substantially along the slab-wedge interface by the long prior history of subduction, 
further compounding the improbability of slab melting. 
The Tampakan rocks display most of the defined "adakite-like" petrochemical 
signatures; i.e. high SrN (>20; Figure 5.22), low Y (< 18 ppm), low Yb (< 1.9 ppm), 
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high Sr (> 400 ppm), ~ 56% Si02, ~ 15% Ah03 and the absence of negative Eu 
anomalies in most rocks. In the Tampakan district, these characteristics are not inherited 
from residual mineralogy in the source region, but rather, have development during the 
course of magmatic differentiation. High magmatic water activities and deep crustal 
entrapment (Chapter 6) have drastically re-ordered the crystallisation sequence. i.e. high 
magmatic water activities and pressures have suppressed plagioclase crystallisation (the 
sink for Sr) and enhanced hornblende fractionation at mafic stages of magmatic 
differentiation. The reversal in timing at which hornblende and plagioclase saturate in the 
melt can explain the high Sr and Ah03 and low Y, Yb and other HREE' s values, and the 
lack of negative Eu anomalies. In this regard, the plagioclase-free rocks from El Pefion, 
central Mexico (Blattner and Carmichael, 1998b ), that have a phase assemblage that 
constrains the P-T conditions of crystallisation at 4.3-10 kbars and < ~950°C, and 
magmatic water contents > 8 wt.% H20, are considered to have undergone similar 
processes whereby high water contents and crystallisation pressures have retarded 
plagioclase crystallisation at the andesite stage of magmatic differentiation. Peacock et al. 
(1994) indicate that adakites show low FeO/MgO values that reflect the lack of low-
pressure crystallisation of an MgO-bearing mafic phase. The Tampakan suite shows low 
FeO!MgO ratios at a given stage of differentiation relative to other arcs (Figure 5.21g) 
and is caused by delayed saturation of silicate phases relative to magnetite saturation in 
the melt under high magmatic water activities (Figure 5.17). 
Sajona and Maury (1998) noted a metallogenic association between rocks with 
"adakitic signatures" and copper plus gold mineralisation in the Philippines. Sajona and 
Maury (1998) claim that there are rocks with "adakite" compositions in the following ore-
bearing districts: Mankayan district, Baguio; at Dizon; in the Camarines Norte and 
Catanduanes districts; at Marinduque; at Sipilay and Bulawan on Negros Island; at 
Lutopan on Cebu island; in the Surigao and Davao districts in eastern Mindanao; at 
Sibutad and Lakewood on the Zamboanga peninsula; and at Isulan, T'boli and Tampakan 
in southern Mindanao. They presented several postulates for the metallogenic association, 
but with no clear consensus. Sajona and Maury (1998) conclude that the importance of 
"adakitic" magmatism in Cu-Au metallogenesis is unknown. 
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This study of the Tampakan district and its ore-bearing volcano-magmatic sequence 
reveals that, although the series displays "adakite-like" signatures, the rocks are not 
derived from melting of the subducted Molucca Sea slab beneath southern Mindanao, and 
are too far inland and too old to be the products of incipient melting of the newly 
subducting Celebes Sea Plate at the Cotabato trench. The Tampakan series acquired their 
"adakite-like" petrochemical signatures by hydrous, high-pressure fractional 
crystallisation in the lower-crust, and by repeated mixing with parental melts. The 
metallogenic significance of "adakite-like " petrochemical signatures is a direct function 
of their high magmatic water contents (>5 wt.% H20) that produce high SrN values by 
reordering the crystallisation sequence during magmatic differentiation. The metallogenic 
significance of high magmatic water contents (5-8 wt.% H20) is discussed in Chapters 6 
and 7. Rocks with "adakite-like" petrochemical signatures typically occur during the a) 
latter stages of subduction, b) in syn-collision settings and c) during the initiation of new 
subduction zones that commonly follow episodes of compression within the crust (post-
collision). All three of these environments are clustered in time around ~3-10 Myr 
episodes of compression that develop in arcs during terminal collision events, during 
which magmas undergo a greater proportion of their fractionation history in the lower 
crust (Chapter 7) and evolve "adakite-like" signatures. Many of the "adakite-like" rocks 
in Mindanao, such as in the Surigao province, the Davao province and in central 
Mindanao may have developed in the manner ascribed above for the Tampakan district in 
southern Mindanao, by deep crustal entrapment during closure of the Molucca Sea and 
thrusting ofterrane fragments against eastern Mindanao (Chapter 2). 
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INTENSIVE PHYSICO-CHEMICAL PROPERTIES OF THE 
TAMPAKAN MAGMATIC SERIES 
6.1 INTRODUCTION 
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Petrochemical and geochronological data of whole-rocks and detrital zircons (Chapters 
4 and 5) show that the Tampakan magmatic sequence is characterised by progressively 
evolving petrochemical trends over the past seven million years wherein hornblende 
becomes increasingly dominant and plagioclase becomes increasingly subordinate in 
successive fractionating cycles. Systematic increases in magmatic water contents are 
required to stabilise hydrous phenocryst phases such as hornblende at progressively 
earlier stages of the crystallisation sequence, and to supplant and/or suppress pyroxene 
and plagioclase crystallisation. The petrochemical and mineralogical data in Chapter 5 
indicate that much of the crystallisation history of the Tampakan suite occurred at lower-
crustal pressures. In this chapter, several magmatic physico-chemical parameters are 
calculated for 15 rocks that represent successive stages of the differentiation history of 
the Tampakan stratovolcanic complex, in order to constrain the time-dependant evolution 
of magmatic temperatures, oxygen fugacities, total and minimum confining pressures, 
water contents, magmatic sulphur contents, sulphur speciation, melt densities, pressure 
and depth of magmatic-hydrothermal fluid exsolution and density of the exolved 
supercritical brines. Physico-chemical parameters such as oxygen fugacity, magmatic 
water activity and sulphur speciation are important factors in controlling the metallogenic 
ore-forming capability of calc-alkaline melts. Chapter 7 discusses the crustal stress history 
that facilitated the cyclic evolution of petrochemical trends towards increasingly evolved, 
hydrous and metallogenically fertile magmatic compositions over a period of -6-7 million 
years. 
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6.2 METHODS 
Fifteen rocks were selected for determination of magmatic physico-chemical properties 
(Tables 6.1 and 6.2). Twelve of these samples were dated using KJ Ar, 40 Ar/39 Ar and 
zircon 238U-206Pb techniques (Chapter 4). The remaining three samples have age 
constraints from stratigraphic relations with dated units. Only one sample was obtained 
from magmatic cycle 1 ; none are from cycle 3 due to alteration within the deposit that 
prevented acquisition of reliable data. The techniques used to determine the physico-
chemical conditions of the magmas are listed in Table 6.1. 
Table 6.1 Methods used to calculate magmatic physico-chemical parameters. 
Variable Method Reference 
l-·-----------------------1M~~ctite-ilm;~it~~=Ti~~~b.;;g~------·-----1At;-<l~~~~-e!;z:· 1993 ---·· · ------1 
Temperature I ~othermome!!}'. I QUILF * * I r- --------- ~-- ---·------------- ·-·---------·-ni~u~<l & 131~ay·-1994 - ___ , 
t=:~6::~~-=:-=t~E~~~§_~§d~~~:;J 
I Crystallisation Pressure i Aluminium-in-hornblende geobarometry I Anderson & Smith, 1995 I 
c--- -~~;~~-~;;~~~~-c~-~~~~-l-Aii;i1;-com:P~~~~i··~~ch~-;t;;~-;;~j;i~gi~~i~~--T8o~~h-~<l-L~~~i99i _______ _ 
, : andmelt. I TWATERl ** , 
r------------·--·--------------------- --rF;~;-so~il~s ~ti~ro~i~~; p1oii;c1~-------j----------------------·······-· -----·--; 
Sulphur Speciation I /Or Temperature space. ll.~0 for so3(g) and i Carroll & Rutherford, 1988 ! 
. I H2S(g) were interpolated from Chase et al. (1985) ! Chase et al. 1985 , 
: ! (JANAF thermochemical tables). i i 
>------.. ----·-··--···-···---·--···-·-·---·---··-·-·· ... ·-·--·------.. --·-·----···--·---··-·----·-------.. -·--·-·-·--·-·-·--.. ------·"4·--··-··-·-.. ·--·-·--·---·-----····--··--·-·--···-·-· 
. I i Partition coefficients from: ! 
; Sulphur Contents i Temperature-dependant partitioning of sulphate i Peng et al. 1997 ' 
I I between melt and apatite. Electron-microprobe. I Streck & Dilles, 1998 
! ! J Baker & Rutherford, 1996 . 
·-------- ---·--------··-··-·---r--------·---------------·---------------------rL~g;-&--c-~i~h;~c1990----, 
i Calculated using the BASIC program: I Kress & Carmichael 1991 
Melt Density I LDENSITY.bas which incorporates molar ! Ochs and Lange, 1999 
! volumes of the oxide components. I LDENSITY (Loucks, 
'-------·-----·--·------·-·------·----l-·--·----------·--··-----------------·----- -1~£~~-~2:_ __________________ _j 
P fFl .d S t ti ! Calculated from the P-T-composition ressure o m a ura on ' d d fth 1 b'l· f · ·Ii (Psat) = I epen ence o e so~. 11ty o. w~ter m s1 ca~,e Moore et al. 1998 
, M. · C ti . p i melt. Calculated for a granod1onte-saturated , , [ m1mum on mmg ressure I a ueous fluid. I I 
·-··-·-·------·----··----··-·---····--·-----···--·+-·-·-g-·----·----·--···--·--·------··---·---·-··-·-·----------··-'···-··---·--··--·-···-·--··-·--··--··-·--··--··-' 
! Minimum Depth of j Calculated assuming an upper crustal density of 
I Magmatic Fluid Exsolution i 2.70 glee. 
~-- -··-··---·--·-····--· ·-------·-····-·---·-····--··--·-----'.-··-·--··-·-·--·-·····-·----·-·-·------·-·--···-···-·----····-·--------------··-··-----~-----····---------·-·--··---··--··-·--··--·--·-···--·-! 
Density of Exsolved Fluid I Calculated for pure water (i.e., excluding solutes) I H / 1984 
' · NBS/NRC S T bl ' aar et a · i usmg team a es. i 
** With correction factors applied to temperature, /02 and H20(Melt) output of the QUILF and TWATERl programs 
based on recent natural and experimental crystallisation datasets (§6.3.1, §6.5.1, and §6.6.1). 
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Table 6.2 Samples selected for determination of magmatic physico-chemical parameters, and 
variables evaluated in each sample. 
Saml!le 
Age Magmatic 
Rock-!Yl!e Ph:y:sico-chemical Variables (Ma) Cycle 
! EA043228 i 8.34 ! Cycle 1: TAS J Cpx-Hbl?-Andes1te flow Tsi ; i I ! ; Sm E~~;~2~1;~;rt~*~;; :~=- -~'f 0 ' LJ ,,.i_ fh~L=tj:: I ~~~j 
! DA993948 : - 6.0 i Cycle 2: TAS : Cpx»Hbl-Andesite flow Tsi , H20 i MD I Dex I HD I i 
;--.. -·--·-·-··-··-·--··-··-l-··-··-····--··--·-T·-·-·····--·--··-··-·-................ --.. i-.. -···--··-.. - .................. --.. -·--····-·-··-· ·-··--···-·-+·-·-·······--··!--··- ··--·······----~ · ··-·-·-···----+-· -····--··· . -----........................ -·-··--··---~ ! EA049678 j 3.80 i Cycle 4a: TAS i Hbl-Cpx-Bt-Andesite flow To ! /02 i Psat j' H20 I MD j. Dex HD 
!-··--····-.... -··-·-·-···-····--r··-··-· ........... _ ........ f··-·-··· ............ -................... ---·-·i---·-·- ·-------- -·--:···-···----·---···-··-······- ···-··-·-·--······+------ ···--··---~·-·-1--··---·,·-··-·-··--··1-·-···---·- ,-···-·---
! EA043212 3.75 ; Cycle 4a: TAS i Hbl-Cpx-Andes1te dyke THP i i i Psat i H20 i MD i Dex 
; --··-··--·--··-i---·····--··-----··----·-~-------··-·-------··-·-·-···-·-·---·-··-·····-··-~-----·-' ·-·--·J----··-·-i··-·-··----·~·-·--·---·--+·--··-· 
! EA044956 3.67 i Cycle 4a: TAS bl-Cpx-Granodiorite I THP I ! Psat I H20 I MD I Dex 
i--EA04s799- 3.65-·I Cycl~4;~"T"As Hbl-Cp~~desii~-flo;---·-r-r;-T/02 -p>~~TH";o--1 MD I Dex 
L... -----··---· - ---·'--·-· --~· --·•---+----'--I EA043206 3.04 ! Cycle 4a: TAS Hbl-Cpx-Andesite dyke I To i /02 I Ps.1 I H20 i MD i 
1--·---- ---·---+----- ----·-.--··---i-::-!- : ·-:---1---·· ' 
; DA993972 1.75 ! Cycle 4b: ! Hbl-Cpx-Andes1te flow ! T HP ! ! Psat I H20 ; MD ! Dex !__________ ·---4------------~ --------t------ ; __ , --~---i-----+'---i----iC--
1 EA043214 1.47 I Cycle 4b I Hbl-Bt-Andesite dome I THP I /02 P i Psat I H20 i MD i Dex 
!-·---··-- ---1-------------t------·-··--·--·----·--+·-·=----r-·- --t----1------i-···-·--{--
! EA045009 , 0.86 I Cycle 4b i Hbl-Dacite - volcanic plug i T Si ! P i Ps.t ! H20 ! MD ! Dex HD 
!-·-······---··--··-·-+-··--···-···-·-··-·+··-·--·-··-.. -··-----·--·----·--·-1-----·--------··--------·----+---·--··--+----- -··-·+----+·-·-·-·-·-·--+·------·-+···--·-·- -·-··-· 
! EA043204 i 0.59 i Cycle 4b ; Hbl-Bt-Dacite - plug I To i /02 P i Psat I H20 ' MD i Dex D 
!-··-·····--····-··-·-··-··--··--t--··-··-·--···-··-+-·-···---·----····--·---·-·-··i-··--··-··----··-·--·---·---·----···-·1--·-·-··--i---··-·-··-· ··-··-·-i------·-·+··-··-·--··-··--l.···-·-··-·-···-··-i--··----· -· ·-i EA045002 i - 0.1 ! Cycle 5 I Hbl-Bt-Andesite I To j /02 j I Ps.1 i H20 ! MD j Dex 
r·-······-······-·-·-····-···-·1--··- ········-····-··-··r··-···-··········--······--···········-··-··-·T····--···-··-·-··-···-··-··-·-··-··-·;··-·-·····-·-·-··-··-······-··-····-·---··-·-··-········-:--·-···--·····-··;-··-·-·4···-····-··-··-·+···-···-·-·-··-··j···········-···-··-1·-··-·····-··-· --· 
i EA046389 i - 0.1 ! Cycle 5 i Hbl-Bt-Andes1te I To ; /02 i ! Ps.t I H20 MD I Dex H 
: ' ' ! ! ! ! ! ! 
T AS = Tampakan Andesite Sequence 
TQ = temperature (by QUILF); THP = temperature (by homblende-plagioclase geothermometry); Tsi = 
temperature (inferred from temperature versus Si02 trend of 11 Tampakan data points); /02 = oxygen 
fugacity; P = total pressure; Psat = pressure during hydrothermal fluid exsolution = minimum confining 
pressure; H20 = magmatic water content; MD = melt density; Dex = minimum depth of hydrothermal fluid 
exsolution; HD = hydrothermal fluid density during initiation of exsolution (excluding solutes); Sm = 
sulphate concentration in melt; S = sulphur speciation in melt. 
Correction factors to both the QUILF-generated temperature and oxidation fugacity 
estimates, and to the TW ATER I ™-generated magmatic water contents, were determined 
using recently published experimental datasets that post-date development of those 
published calibrations. The correction factors better reproduce a larger database in a 
broader range of experimental temperatures, oxidation states and magmatic water 
contents. The Tampakan igneous suite lacks identifiable pyroclastic sequences. Because 
of the rapid re-equilibration rates of magmatic Fe-Ti-oxides, equilibration of oxide 
compositions at lower temperatures during protracted cooling of intrusive bodies and 
flows may lead to underestimation of magmatic crystallisation temperatures. 
Consequently an independent estimate of magmatic temperature was employed using 
homblende-plagioclase geothermometry (Holland and Blundy, 1994) to corroborate the 
Fe-Ti-oxide temperature estimates, because accurate temperature estimates are critical in 
calculating magmatic pressures and water contents. 
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6.3 MAGMATIC TEMPERATURES 
6.3.1 Magnetite-Ilmenite Fe-Ti-Exchange Geothermometry 
The most commonly employed geothermometer used to study igneous sequences is the 
magnetite-ilmenite Fe-Ti-exchange geothermometer that was initially calibrated by 
Buddington and Lindsley (1964). Subsequent attempts to model the relevant exchange 
and oxidation reactions include Rumble (1970), Powell and Powell (1977) and Spencer 
and Lindsley (1981). Andersen and Lindsley (1988) revised the solution model for 
magnetitess and ilmenitess (ss = solid-solution) to include the effects of Mg and Mn within 
the oxide lattice. Subsequent refined solution models for the Fe-Ti oxide geothermometer 
and oxygen barometer were made by Ghiorso and Sack (1991 ), and a computational 
procedure for calculating magmatic temperatures was developed as a PASCAL program 
called QUILF by Andersen et al. (1993). Chemical equilibrium between cubic and 
rhombohedral oxides is summarised in exchange reaction (1) and oxidation reaction (2). 
and (2) 
Provided values for the activities (a) and the free energies of reaction (~G°) are known, 
equation (1) may be solved for temperature and subsequently equation (2) may be solved 
for oxygen fugacity (j02) of the assemblage (Andersen and Lindsley, 1988). 
A principal inadequacy of the magnetite-ilmenite Fe-Ti-exchange geothermometer is 
that it is not well calibrated for rocks of highj02 (principally atj02 higher than NN0+2) 
and low temperatures ( < 900°C). At high oxygen fugacity, the isopleths of ilmenite mole 
fraction in 11-Hemss are closely spaced, and uncertainties in isopleth positions in }02 -
T(°C) space are greater at high /02 and low temperature than in the temperature range of 
900°C-1200°C near the FMQ buffer. In applying the Fe-Ti-exchange geothermometer to 
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rocks of high .f02, several workers have recognised the need for temperature (and hence 
.f02) corrections to be applied to estimates calculated using the Fe-Ti-oxide 
geothermometer. Pallister et al. (1996), in their study of the 1991 eruption of the Mt 
Pinatubo dacite, corrected their Andersen-Lindsley-Stormer temperature estimates by 
subtracting 30°C to account for over estimation of temperatures at high oxygen fugacities 
(-3 log units above NNO). Consequently, compositions of co-existing magnetite and 
ilmenite grains from four recent (1999) and one older (1988) dataset of crystallisation 
experiments on natural rocks at known high .f02 were compiled from the literature, to 
calibrate the output QUILF temperatures relative to known experimental temperatures at 
high oxygen fugacities. The experimental data were taken from Rutherford and Devine 
(1988) [Mt St Helens, USA]; Dallagnol et al. (1999) [oxidised A-type granite, 
Amazonian Craton, South America]; Martel et al. (1999) [Mt Pelee, Lesser Antilles]; 
Scaillet and Evans (1999) [Mt Pinatubo, Philippines]; and Venezky and Rutherford 
(1999) [Mt Unzen, Japan]. QUILF temperatures were calculated from electron-
microprobe analyses for all published experimental oxide pairs in these experimental 
datasets. A consistent discrepancy is noted whereby, at the high.f02 conditions of most of 
the experiments (> NNO), there is a linear relationship between /iTemp = [TempQuILF 
minus TempExPERIMENT] and the mole fraction ilmenite in the ilmenite-hematitess (Figure 
6.1). The departure of QUILF-calculated temperatures from real experimental 
temperatures is linearly correlated with the mole fraction of ilmenite in ilmenite-hematite 
solid-solution. This relationship has a coefficient of variation r = 0.87. The Fe-Ti-oxide 
magmatic temperatures calculated for the Tampakan suite using the QUILF algorithms 
were corrected for the uncertainty in the oxide solution model at high.f02 using the fitted 
linear correction function: 
/iT(QUILF-Experiment) = -2.3448( Xilm in Ilm-Hem55) + 156.95 
Magnetite and ilmenite mineral separates from the Tampakan samples were analysed 
using a CAMEBAX MicroBeam (1983) electron-microprobe that was operated with an 
accelerating voltage of 15 kV and a beam current of 5.9-6.4 nA. Counts were collected 
for a total of 80 seconds per analysis. A raster beam was used on all grains to obtain 
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Figure 6.1. The temperature difference (°C) between measured oxide-pair crystallisation 
temperatures from recent crystallisation experiments and calculated crystallisation temperature 
using QUILF, plotted against the mole fraction of ilmenite in hematite-ilmenite solid-solution. 
The linear relationship allows a correction factor to be applied to QUILF-generated two-oxide 
temperature estimates to account for poor calibration of the magnetite-ilmenite Fe-Ti-exchange 
geothermometer at high /02 conditions. A negative temperature correction on the order of 30-
500C should be applied to QUILF-generated temperature estimates done on rocks that lie 
approximately mid-way between the NNO (nickel-nickel-oxide) and HM (hematite-magnetite) 
buffers. 
representative analyses. Post-eruption/intrusion exsolution as a result of low-temperature 
re-equilibration of the oxides is common to several samples. Consequently the raster area 
was maximised so that analyses represent the bulk composition of the oxide grains prior 
to exsolution. The temperatures that were obtained after correcting for model uncertainty 
at high.f02 (using the relationship in Figure 6.1) are listed in Table 6.3. The temperatures 
for six of the eight rocks were calculated on magnetite-ilmenite composite grains in 
which mutual equilibrium conditions are assured. In two of the samples, EA043204 and 
EA043207, the oxide grains were not in physical contact, however equilibrium conditions 
were assumed because the oxide grains from each sample showed relatively 
homogeneous compositions. In these two cases, the mean magnetite and ilmenite 
compositions (EA043204: n=8; EA043207: n=13) were used to calculate the temperature 
and /02 by QUILF. All Fe-Ti-oxide temperature uncertainties are assigned a value of 
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± 10°C which is the uncertainty resulting solely from the solution model for the oxides 
(Andersen and Lindsley, 1988). The analytical data for the oxides from the Tampakan 
suite are tabulated in Appendix Cl. 
6.3.2 Hornblende-Plagioclase Geothermometry 
Severe re-equilibration of oxides from two middle-Pliocene-age post-mineralisation 
andesite-diorite dykes (EA043206 and EA043212), due to their inferred slower cooling 
history, meant that an alternative means of temperature estimation was necessary. 
Compositional re-equilibration of silicates occurs at slower rates than re-equilibration of 
oxides, so temperature estimates obtained usmg the amphibole-plagioclase 
geothermometer of Holland and Bluntly (1994) are less prone to error by re-equilibration. 
However, temperature uncertainties are greater than for the two-oxide temperatures, and 
are around ± 40°C (Holland and Bluntly, 1994). Two versions of the homblende-
plagioclase geothermometer were employed for the Tampakan samples. These versions 
are based on the edenite-tremolite exchange reaction (3) for quartz-saturated rocks and 
the edenite-richterite exchange reaction (4) for application to quartz-undersaturated rocks. 
NaCa2MgsSi4(AlSh)022(0H)2 + 4Si02 Ca2MgsSis022(0H)2 + NaAlShO (3) 
edenite quartz tremolite al bite 
NaCa2MgsSi4(AlSh)022(0H)2 + NaAlShOs = Na(CaNa)MgsSi8022(0H)2 + CaAliSii08 ( 4) 
edenite al bite richterite anorthite 
These two geothermometers perform well over the range temperature range 400-
1000°C and over a pressure range of 1-15 kbars, and are applicable to a wide range of 
bulk-rock compositions (Holland and Bluntly, 1994). The edenite-richterite 
geothermometer for quartz-undersaturated rocks ( andesites) was applied to seven 
samples, whereas the edenite-tremolite geothermometer for quartz-saturated rocks was 
applied to sample EA043204 (Nun Guon Plug) that has the highest groundmass silica 
content at 73.44 wt.% Si02 and which is at the approximate stage of differentiation for 
quartz-saturation. 
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The ferric iron to ferrous iron ratios in the hornblendes were assigned based on the 
oxygen fugacities calculated from analysis of magnetite-ilmenite pairs and experimental 
calibration by Clowe et al. (1988) of log j02 versus Fe2+/Fe3+ in hornblende. 
Consequently the Tampakan hornblendes were assigned an Fe3+/Fe2+ value of 0.27 using 
/02 values derived in §6.6.1. The hornblende-plagioclase temperatures were calculated 
using the program HbPl 1.2 of Holland and Bluntly (1994 ). HbPl 1.2 failed to generate a 
temperature for sample EA043214 (Logdeck andesite) using the edenite-richterite 
reaction for silica-undersaturated rocks and an assigned Fe3+ /Fe2+ ratio of 0.27 in 
hornblende. This sample is one of two sphene-bearing samples of the suite, a possible 
mineralogical indicator of higher oxidation state (Nakada 1991). Consequently the 
Fe3+/Fe2+ ratio in the hornblende analysis for this sample was incrementally raised until 
HbPll .2 generated a temperature-pressure curve at an Fe3+ /Fe2+ ratio of 0.40. 
Electron-microprobe analyses of plagioclase and hornblende phenocrysts were input 
into HbPll.2™ to calculate crystallisation temperatures at a range of input pressures, in 
order to generate univariant curves in temperature-pressure space. Intersections of these 
univariant curves with isobars, based on Al-in-hornblende geobarometry (§6.4), yield 
temperature estimates. Average plagioclase compositions and hornblende compositions 
are tabulated in appendices C2 and C3. 
6.3.3 Temperature Estimates From Temperature-Si02 relations 
Temperature estimates for samples DA993948 and EA045009 (Lambayong Plug) were 
obtained by plotting the Fe-Ti-oxide or hornblende-plagioclase temperatures against 
whole-rock Si02 for 11 samples (Figure 6.3b) and reading off an estimated temperature at 
the measured whole-rock Si02 concentration of these two samples. 
6.3.4 Discussion 
The best temperature estimates obtained for the Tampakan suite range between 765°C 
and 909°C (Table 6.3). Samples EA049678 (Tampakan Andesite Sequence; Cycle 4a; 
805°C) and EA045002 (Mt Matutum Andesite; Cycle 5; 866°C) yielded tight clusters of 
data points on the log /02 versus temperature plot (Figure 6.5). The 805°C temperature 
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estimate for EA049678 lies within the uncertainty bracket of the homblende-plagioclase 
estimate obtained from the same sample (Table 6.3). The temperature estimates for 
samples EA043207 (Tampakan Andesite Sequence, Cycle 2, 872°C) and EA043204 
(Nun-Guon Plug, Cycle 4b, 807°C) were obtained by averaging the compositions of 
magnetite and ilmenite grains prior to using QUILF to calculate magmatic temperatures, 
and so the temperature estimates are plotted as single points in Figure 6.5. Both these 
temperature estimates also lie within uncertainty of the estimates obtained using the 
homblende-plagioclase geothermometer. 
Only four magnetite-ilmenite composite pairs were available for analysis from sample 
EA043206 (late-stage andesite-diorite dyke). Three of these yielded uncharacteristic Xnm 
in ilmenite (0.755 to 0.775) compared to the majority of Tampakan ilmenites (n=54) that 
ranged from 0.400 to 0.578 Xnm in ilmenite. Hence these three oxide-pair temperature 
estimates were discarded and only one oxide pair was used, giving a temperature of 
865°C. The homblende-plagioclase temperature for this sample at 2 kbars is 850 ± 40°C 
which agrees closely with the single two-oxide temperature estimate. 
Samples EA045799 (Tampakan Andesite Sequence, Cycle 4a, 909°C) and EA046389 
(Mt Matutum Andesite, Cycle 5, 829°C) yielded temperature arrays that span 
approximately 40°C. This spread in oxide temperatures (Figure 6.5) may reflect slower 
cooling of these two andesite flow sequences, thus allowing the oxides to re-equilibrate at 
lower temperatures. The temperature estimates of 909°C and 829°C respectively (Table 
6.3) were taken from the high-temperature end of the array of individual oxide pairs (see 
Figure 6.5) assuming that the lower temperature data points have variably equilibrated 
during slow cooling. Due to severe re-equilibration effects of the oxides in sample 
EA043212 (a slow-cooling diorite dyke), the selected temperature estimate of 800°C was 
made using the homblende-plagioclase geothermometer. 
The best-constrained two-oxide temperature is for sample EA043204 (post-
mineralisation Nun Guon Plug) with a temperature of 807 ± 10°C obtained from 16 non-
composite magnetite and ilmenite grains that have excellent compositional homogeneity. 
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Table 6.3: Temperature and.f02 estimates for the Tampakan suite. 
Two-Oxide Temperature 
Temperatures Correction 
Homblende-
Plagioclase 
Temperatures 
Estimate 
Wt.% Si02 
Oxygen 
Fugacity 
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.. -··---·-------····-·--·-·-·· .. ·---:--··------·---·--.. ----···-·----·-·--.. -·----····-·~··--·--·-·-··-·--·----··--·---· .. -.,.·------·-·-·--·--···-·--··...-----·---·--·-··--.. -.... -.. -·--· I EA043207 (2) I * 872°C ± 10°C (-46°C) . 864 ± 40°C I I NNO + 2.5 I 
~-!?!>:22?2~~--Q) _ _l_. ____ . _______ :_ ___ .. ____ J__ ______ _: _________ _J__~-~60°~ .--~--------- - ·--l 
j EA043678 (4a) ' * 805°C ± 10°C (-34°C) 796 ± 40°C j NNO + 2.4 
i EA043206 (4a) I * 865°C ± 10°C (-21°C) 850 ± 40°C I NNO + 1.5 
I EA043212 (4a) * 800 ± 40°C : I EA045799 (4a) I * 909°C ± 10°C (-26°C) I NNO + 1.7 , 
L EA~~?~~--~~12J ____________ =----------·---- ! -~-~06_~~!'.~----1------------l----------·--J I EA043214 (4b) ! Re-set906°C±l0°C (-41°C) i *765 ± 40°C I ! NN0+2.0 i 
I DA993972 (4b) I * 875 ± 40°C ! ; 
I EA045009 ( 4b) I I * 785°C I 
I EA043204 (4b) ! * 807°C ± 10°C (-37°C) ; 833 ± 40°C : I NNO + 2.4 ; 
:----··--··----.. ---·---·-·--r-·---------------·-----------·--·-··----...,..-------·-----·-·-·---·---r-·--····- -----··-·-;-···-----···---·-··--·---··-; ! EA045002 (5) ! * 866°C ± 10°C (-36°C) I - I I NNO + 2.2 i 
[_~~~~~-3-~~-~~-L:_~~oc_~ 1ooc: ___ (=_4_!_:~L __ L________ _ _______ j_ _______________ l __ ~~-~ ~-~~J 
* Best temperature estimates 
NNO: Nickel-Nickel-Oxide Buffer 
This sample is the freshest of the studied samples. However sample EA043214 (post-
mineralisation Logdeck Andesite ), which is macroscopically and geochronologically 
similar to the Nun Guon Plug, yielded a tight cluster of two-oxide temperatures that 
average 906°C. These temperatures are significantly higher than most other samples. 
Moore and Carmichael (1998) present experimental crystallisation experiments on an 
andesite lava of equivalent silica content ( 62%) from the western Mexican volcanic belt, 
at water-saturated conditions, in which phase diagrams indicate the assemblage 
hornblende plus plagioclase (contained within sample EA043214) is stable only below 
-910°C at 3.5 kbars and 6.5 wt.% H20 in the melt (Figure 5.l 7b). Equivalent 
experimental data by Martel et al. (1999) on andesites (Si02 = 61-62 wt.%) from Mt 
Pelee in the Lesser Antilles, reveal that at conditions of 2 kbars,.f02 = NN0+(2-3), and 
melt water contents of 6.15 wt.% H20, hornblende plus plagioclase stability is 
constrained to be below 875°C. Given the pressure calculated for sample EA043214 of 
-5.1 kbars, and magmatic water contents of 8.2 wt.% H20 (using the hornblende-
plagioclase temperature estimate of 765°C; Table 6.3), an estimated two-oxide 
temperature of 906°C for this sample at 5.1 kbars lies beyond the stability range for the 
observed phase assemblage (Figure 5. l 7b ), primarily because the stability field of 
plagioclase is drastically reduced at high pressures and high magmatic water contents. 
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Plate 34. Disequilibrium textures in sample EA043214 (Logdeck Andesite), with highly 
resorbed plagioclase phenocrysts that are mantled by plagioclase overgrowths which entrap melt 
inclusions. 
Plate 35. Disequilibrium textures in sample EA043214 (Logdeck Andesite) wherein optically 
aligned relics of a biotite phenocryst (greenish brown), which formed during the latest stages of 
differentiation, are replaced and overgrown by higher temperature hornblende (yellow-, orange-
and red-brown). 
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The Plates 34 and 35 show that sample EA043214 (Logdeck Andesite) with 
anomalously high Fe-Ti-oxide temperatures shows severe disequilibrium textures that 
indicate that the melt, and contained phenocrysts, had experienced a significant re-heating 
event at a late stage of its fractionation history, and potentially as a trigger to eruption. 
Plagioclase phenocrysts from this sample are heavily resorbed, with an abundance of 
radiating melt inclusions trapped along the resorbed crystal margins (Plate 34), while 
coarse-grained biotite phenocrysts, which typically appear in late stages of differentiation, 
are mantled and replaced by hornblende overgrowths (Plate 35). Such textures are 
evidence for reheating of the melt prior to eruption. Consequently the 906°C temperature 
is considered to be a pre-eruption thermal perturbation for the Logdeck Andesite, and the 
long-term pre-eruption temperature is recorded by the hornblende-plagioclase 
geothermometer at 765 ± 40°C. 
6.4 CRYSTALLISATION PRESSURE ESTIMATES 
Estimates of the confining pressure in three samples were obtained using the Al-in-
hornblende geobarometer of Anderson and Smith (1995). Although widely used (and 
abused), the Al-in-hornblende geobarometer is often the only method available to 
determine emplacement depth of granitic plutons. The Anderson and Smith (1995) 
version of the barometer was selected in preference to earlier versions (Hammarstrom and 
Zen, 1986; Hollister et al. 1987; Johnson and Rutherford, 1989; Thomas and Ernst, 1990; 
Schmidt, 1992) because it takes into account the effect of both temperature and .f02 on the 
partitioning of aluminium into the tetrahedral site (AlTet) of hornblende. Hammarstrom 
and Zen (1986) recognised the temperature-dependence of AlTet substitution, but the 
earlier versions of the geobarometer were not calibrated to account for this partial 
temperature dependence. The pressure equation (6) used in this study is from Anderson 
and Smith (1995); 
[
(r -675)] P(±0.6kbars) = 4.76Al-3.01- ("cJ
85 
x[ 0.530Al +0.005294( i;.cJ -675)] (6) 
in which "Al" is the total number of Al atoms in hornblende calculated via a 13-cation 
normalisation procedure. The calibration is predicated on the presence of a buffering 
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mineral assemblage of coexisting quartz+ alkali-feldspar+ plagioclase +hornblende+ 
biotite + iron titanium oxide + sphene + melt + H20-rich fluid. 
The three samples from the Tampakan suite for which the barometer was applied are 
highly differentiated samples that have the lowest-variance phase assemblage, and which 
best satisfy the conditions stipulated above for successful application of the barometer 
(Table 6.4). These are the post-mineralisation samples EA043204 (Nun-Guon Plug), 
EA043214 (Logdeck Andesite) and EA045009 (Lambayong Plug). The mineralogy of the 
rocks chosen for pressure estimates is listed in Table 6.4. The major elements within 
hornblende that need to be buffered by a high variance mineral assemblage are Si02, 
Ti02, Ah03, FeOt. Fe203, MgO, CaO, Na20 and H20 which yield nine components 
(C=9). The phase rule that describes the variance F or minimum number of intensive 
variables required to characterise a system is: F = C-$ + 2 - r, where Fis the degrees of 
freedom, C is the number of independent components, $ is the number of phases at or 
very near saturation and r is the number of restrictions or predetermined intensive 
parameters (Crerar 1974). Nine phases ($) are required to buffer the assemblage and 
ensure F is zero because there are nine components (C) and r = 2 (temperature [T] and 
Fe0/Fe20 3 are independently constrained from Fe-Ti-oxide T and /02 estimates). There 
are six mineral phases within in the phenocryst assemblage (Table 6.4; EA043214 and 
EA045009). The remaining three required phases are melt+ "fluid"+ "quartz". These are 
all present (melt ± fluid) or very near to saturation (quartz, fluid). The groundmass of 
these high-pressure samples is rhyolitic in composition and their high water contents ( 6. 7 
to 8.2 wt.%) indicate that they are near or at water saturation, especially if C02 (not 
measured) and/or S02 that is dissolved in the melt is taken into account. 
The pressure estimate from the most evolved sample, EA043204, with the highest 
groundmass Si02 content (73.4 wt.% Si02) is 6.0 ± 0.6 kbars based on the intersection of 
the Fe-Ti-oxide isotherm and the temperature-dependent Al-in-hornblende univariant 
curve (Table 6.4). The pressure estimate for sample EA043214 is 5.1 ± 0.6 kbars. The 
pressure estimate for sample EA045009 is 5.0 ± 0.6 kbars. If we assume a bulk igneous 
crustal composition equivalent to a mafic amphibolitic crust (p=2.90 glee), then depth 
estimates are derived from the equation: dP/dZ = pG = 2.9 x 0.98 x 100 = 284 bars/km. 
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This equates to depth estimates of 21.1 ± 2.1 km (Nun-Guon Plug), 18.0 ± 2.1 km 
(Logdeck Andesite) and 17.6 ± 2.1 km (Lambayong Plug) for crystallisation of 
hornblende phenocrysts. If we assume that the crust of southern Mindanao comprises an 
island arc built on a crustal fragment of continental origin (Chapter 2), and consequently 
assign a bulk crustal density that approximates a granitic composition (p=2.75 glee), then 
the estimated depths of hornblende crystallisation are 22.3 ± 2.2 km, 18.9 ± 2.2 km and 
18.6 ± 2.2 km for the same samples. These depth estimates of~ 18-22 km are typical of 
lower-crustal depths beneath long-lived oceanic island arcs. 
Table 6.4: Pressure estimates from Al-in-hornblende barometry for Cycle 4b dacites with 
rhyolitic groundmass compositions. 
Sample Al-in-Hornblende Depth of hornblende 
Pressure fractionation 
Phenocryst 
Assembla e 
,--··--·-····-----··--~------·-·-·----·-----····-~·-··------···-------.. ---·-T--·-·-.. ·-·-.............. - ........... - ............ - ... ·-·-·-····-· .. ·-·---........ , I l I - Pl-Hb-Cpx-Bt-Mt-Il : I EA043212 I 2.4 kbars (4a) I 71.6 wt.% Si02 in oundmass I 
, ........... ___ .......... _ .. __ ,_ ........ _, ______ .. _______ .. ____ ,_ .... _..,. ___ .. __________ .. ,_, ____ .. _______ .. ____ ........................ -....... _ .. ___ .. ,_, _________ gi: ___ .... _ .............. _, __ , 
l ...... .i:::~Q~.~-~- 3.2 kbars (4a) i ·--·--------- . Pl-Hb-Bt?-Mt. . 
I EA043214 5.1 kbar (4b) * 18.9 (g) 18.0 (m) Pl-Hb-Bt-Mt-Il-Sp 
: - . __ j_~&~-~ ... §..i.91 ... ~ .. S!~~~~-~----1 ;~~~~~;- - ···;.-0--~;:~---~~~; - -·-:·;~~(~)-~~:~(:i) - Pl-Hb-Bt-Mt-Il-Sp 
!-------·---- --··-------------· ,.... .. ____________________ ,..... ·----~:.~~....:~_S.l..Q~ .. ~.S!~.!1.!1...<.l:.1!1~~--
PI-Hb-Bt-Mt-II 6.0 kbar (4b) * 22.3 (g) 21.1 (m) I EA043204 
L.·---·--·---.. --~-----~-----... - .... _._ .. ___ .. ___ .... --·--·---- L....--73_.4_wt_. 'V<_o_S_i0'""'2_in_.g .... no_u_nd_m_as_s___. 
Pl = plagioclase, Hb = hornblende, Cpx = clinopyroxene, Bt = biotite, Mt = magnetite, Il = 
ilmenite, Sp= sphene. (g) =granitic continental crust. (m) = mafic crust. 
The depth estimates obtained from both hornblende rims and hornblende cores from the 
Nun Guon Plug and Logdeck Andesite are indistinguishable within the calibration 
uncertainty of the barometer. This suggests that these two units underwent most of their 
fractionation history in the lower-crust, and were emplaced at the surface directly from a 
deep, lower-crustal reservoir. This deep-crustal reservoir is consistent with conclusions 
drawn from petrochemical data presented in Chapter 5, in which deep-level high-pressure 
fractionation is required to explain the increasing SrN fractionation trends for the 
Tampakan magmatic series. Increasing SrN ratios with fractionation require extended 
fractionation of hornblende during magmatic evolution and restricted fractionation of 
plagioclase. Such conditions are feasible at pressures greater than ~3 kbars, because the 
stability field of plagioclase shrinks to lower temperatures at higher pressures, and the 
stability field of hornblende expands to higher temperatures at higher pressures. Samples 
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EA043204, EA043214 and EA045009 are characterised by having only hornblende and 
minor biotite as the mafic crystallising phase, lack clinopyroxene, have relatively minor 
coarse phenocrystic plagioclase but abundant fine-grained micro-phenocrysts of 
plagioclase. This sample group is consistent with high-pressure fractional crystallisation 
under hydrous conditions, where hornblende is stable, where feldspar crystallisation is 
suppressed and where pyroxene is absent from the crystallisation sequence. 
In Table 6.4, the remaining two samples for which pressures were calculated yielded 
significantly lower pressure estimates using the Al-in-hornblende geobarometer. The 
presence of resorption rinds on some of the hornblende phenocrysts suggests that 
hornblende was locally unstable in the P-T conditions of this suite, broadly consistent 
with the lower pressure estimates obtained from the Al-in-hornblende geobarometer. On 
mineralogical grounds they may have spent at least the latter part of their fractionation 
history at shallower crustal levels (~2-3 kbars). 
6.5 MAGMA TIC WATER CONTENTS 
Water contents dissolved in the silicate melt of the Tampakan magmatic series were 
calculated using the procedure of Housh and Luhr (1991). The technique described by 
Housh and Luhr (1991) is based on the exchange of albite and anorthite components 
between plagioclase and melt as functions of temperature. The exchange reactions are 
strongly dependent on both the temperature and H20 content of the melt. Consequently 
magmatic H20 contents can be derived from two expressions that relate the temperature 
of the melt with the water content and with the composition of both plagioclase and melt. 
Housh and Luhr (1991) report uncertainties in the calculated water contents of 0.54 and 
0.33 wt.% (lcr) for the albite and anorthite equilibria respectively. 
The plagioclase rim compositions from the Tampakan district samples were coupled 
with the groundmass compositions to determine albite-component exchange between late 
crystallising phenocrysts in equilibrium with groundmass melt, thus representing 
magmatic water contents immediately prior to eruption. Average compositional data for 
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the plagioclase phenocrysts and co-existing groundmass compositions are tabulated in 
Appendices C2 and C4. 
Plagioclase phenocryst cores and rims were analysed using a CAMEBAX MicroBeam 
(1983) electron-microprobe that was operated with an accelerating voltage of 15 kV and a 
beam current of 5.8-6.6 nA. Counts were collected for a total of 80 seconds per analysis. 
A lOµm width raster electron beam was used on all grains to obtain representative 
analyses and to minimise Na loss by volatilisation under the electron-beam. Groundmass 
compositions were also determined by electron-microprobe. Groundmass measurements 
were made by averaging the values of multiple 200-micron-wide raster scans of the 
groundmass for each sample. 
6.5.1 Ref"mement of the Housh and Luhr (1991) Silicate Melt "Geohygrometer" 
Housh and Luhr (1991) generated a computer program called TWATERl to solve the 
relevant albite and anorthite exchange algorithms at specified pressure and temperature, 
using regular-solution models of the thermodynamic properties of ternary plagioclase and 
hydrous melt. However, several significant experimental studies on crystallisation of 
hydrous andesitic to rhyolitic melts at known water fugacities have been conducted since 
the original calibration of TWATERl. Testing of TWATERl on these recent experiments 
indicated systematic discrepancies between calculated and experimental measurements of 
wt.% H20 dissolved in the melt. So an empirical correction term was derived that improves 
the accuracy of calculated values for an enlarged calibration dataset. Relevant experimental 
data were compiled from Baker (1985) [Atka Island, Aleutian Arc]; Moore and Carmichael 
(1998) [Western Mexican Volcanic Belt]; Martel et al. (1999) [Mt Pelee, Lesser Antilles]; 
and Scaillet and Evans (1999) [Mt Pinatubo, Philippines] and added to the original 
experimental datasets of Housh and Luhr (1991) and Luhr (1990). For each of the 
experimental datasets, measured wt.% H20 in the silicate melt was plotted against wt.% 
H20 estimates by TW ATERl for the albite-exchange reaction. A systematic relationship 
was observed whereby the discrepancy between TWA TERI values and measured values of 
wt.% H20 in the melts was a strong function of the silica content of the melt. The 102 
experimental datapoints yielded a correlation coefficient R2 = 0.77 between wt.% H20 
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Figure 6.2. Experimental data from four published sources in addition to the calibration dataset 
used by Housh and Luhr (1991) are plotted in a comparison of measured versus calculated 
contents of dissolved water in silicate melts of basaltic-andesite to rhyolite composition. 
Calculated values were derived by two methods: (a) The original formulation of TWATERl 
utilizing the partitioning of the albite molecular component between plagioclase and melt at a 
specified temperature and pressure (Housh and Luhr, 1991). An R2 fit of 0.77 is obtained from 
102 experimental data-points with wt.% water contents ranging from 1-9 wt.%. The error band 
for experiments with >4 wt.% H20 is± 14.4 % relative. The second method (b) involved refitting 
the TWATERl data with an additional linear term to refine the dependence of silica activity on 
H20 content of the melt. The data were refitted to the equation [wt.% H20 (refined prediction)= 
0.0785(wt.% Si02 glass)+ 0.738l(wt.% H20 (TWATERl prediction)) - 3.6858). A refined fit 
with R2 = 0.83 is obtained from the 102 experimental datapoints with wt.% water contents 
ranging from 1-9 wt%. To focus on the range applicable to Tampakan, only the range 4-10% is 
shown. The error band for experiments with >4 wt.% H20 is significantly reduced to± 8.85 % 
relative. 
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predicted by the original TW ATER and measured wt.% H20 for water contents 
between 1 and 9 wt.% and an error band of ± 14.4% of the measured value for 
experiments with H20 >4 wt.% (Figure 6.2a). The experimental data were subsequently 
regressed with an additional linear term to refine the dependence of silica activity on the 
water content of the melt. Figure 6.2b shows that refitting the experimental data to the 
derived equation (7) significantly improves the accuracy of retrieval of measured water 
contents in the melt to a standard error of± 8.85% of the amount present in experiments 
with >4 wt.% H20. 
Wt.%H2DcrwATERI Refined- prediction) = 0.0785(Wt.%Si0i(glass)) + 0.738I{Wt.%H20TWATERI Prediction )-3.6858 (7) 
Prior to input of whole-rock compositions and groundmass compositions into the 
TWATERl computer program, wt.% FeO and Fe203 in the melt were calculated from 
measured wt.% F eOt using the previously determined f 0 2 values to calculate average 
molar Fe2+/LFe = 0.61, according to the model of.Kress and Carmichael (1991). 
6.5.2 Magmatic Water Calculated with the Reimed Housh and Luhr (1991) 
"Geo hygrometer" 
The calculated water contents in the Tampakan series melts are listed in Table 6.5. 
Figures 6.3a & c show that the calculated magmatic water contents correlate positively 
with wt.% Si02 in the whole-rocks and inversely with the calculated temperatures, 
indicating that calculated water contents behave in the systematic manner for a crystal 
incompatible component of the melt during fractional crystallisation and cooling. The 
inverse correlation between wt.% Si02 and magmatic temperature (Figure 6.3b) 
complements and corroborates trends in the side panels. 
The dissolved water contents calculated for the Tampakan suite range from 4.1 wt.% 
H20 up to 8.2 wt.% H20 (Table 6.5), indicating that the series displays variable water 
contents, and that a subset of the suite is significantly hydrous. The magmatic water 
contents display a time-dependent evolution that mimics cyclic trends in the chemistry of 
whole-rocks and of detrital zircons (Chapter 5; §5.4). Figure 6.4 shows the variation in 
calculated water contents from the 13 selected rocks over the past 6.5 million years. The 
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magmatic water contents "ramp up" over this time interval, from around 4.1 wt.% H20 in 
the late Miocene to over 8 wt.% H20 in the Pleistocene. 
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Figure 6.3. Systematic correlations between calculated magmatic water contents, magmatic 
temperature and wt.% Si02 for the selected Tampakan samples. The red points are samples for 
which magmatic temperatures were estimated on the basis of their whole-rock Si02 content in 
order to calculate magmatic water contents (DA993948 and EA045009, Table 6.3). 
Table 6.5: Estimates of wt.% H20 dissolved in the melts from which plagioclase phenoc.rysts crystallised 
in the Tampakan suite. Values are calculated using eqn (7). 
Sample Magmatic Water Magmatic Water 
PSat 
Initial Depth of Exsolved 
Content Content Fluid Exsolution .fuO Densi!):'. 
Plagioclase Cores Plagioclase Rims (bars) (km)# (g/cc) 
Psnt = Pressure at H20 saturation in the melt (Moore et al. 1998). 
1 Magmatic water contents calculated from plagioclase-"melt" pairs using plagioclase cores and whole-rock 
compositions as estimates of the melt from which the cores crystallised. 
2 Magmatic water contents calculated for plagioclase-"melt" pairs, represented by using plagioclase rims and 
groundmass for 9 samples. 
* Eight samples for which core-wholerock and rim-groundmass water estimates were made (grey shaded analyses) , 
correlate with R2 = 0.988. Consequently four of the "rim-groundmass" magmatic water estimates (*) were j 
derived from the core-wholerock estimates using the correlation equation. i 
# = Average crustal density taken as 2. 70 glee; the exsolved magmatic-hydrothermal fluid is taken as pure H20 for ! 
simplicity to facilitate relative depth comparisons. Consequently these depth estimates are minimum estimates i 
because the likely presence of S02(g) and C02(g) would increase the PFLUID of micro-bubbles within the melt, and ! 
force exsolution at greater depths and at lower water activities in the melt. ' 
L------·-··---------------··-·--··-···--·-·-··--···-----·--·-------- ----·--·---··--·-·------··---·------------------------·--·-----_J 
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Figure 6.4. Time dependent "ramping" trends in magmatic water contents parallel long-term 
evolution in the chemistry of the Tampakan magmatic suite as defined by the chemistry of 
detrital zircon grains from the western margin of the Tampakan stratovolcanic complex. Red 
circles represent the possible magmatic water contents of melts associated with porphyry Cu 
{PO) and high-sulphidation Cu-Au (HS) mineralisation, based on the intersection of the fitted 
purple band (modified from Figure 5.8) and the age of the two mineralisation events. Uncertainty 
brackets of the water contents (la) are± 8.85% of the calculated value. 
6.6 OXYGEN FUGACITY AND SULPHUR SPECIATION 
6.6.1 Magnetite-Ilmenite Fe-Ti-Exchange Oxygen Barometry 
Magmatic oxygen fugacities were calculated using the magnetite-ilmenite Fe-Ti-
exchange oxygen barometer discussed in §6.3.1. The QUILF version of the oxygen 
barometer is poorly calibrated and unreliable at high .f02 and low temperature, as was 
shown in §6.3. A correction term was derived by comparison of QUILF output with the 
experimentally measured .f02 and T that reproduces the mineral assemblage and 
compositions of Fe-Ti-oxides and other phenocrysts in the 1991 Pinatubo dacite_ Oxygen 
fugacities calculated by QUILF from oxide compositions of well-characterised, natural 
Mt Pinatubo dacite samples analysed by Imai et al. (1993), Mathews et al. (1994), Luhr 
and Melson (1996), Pallister et al. (1996) and Rutherford and Devine (1996) average 
2.17 log units.f02 above the NNO buffer for 12 oxide pairs. The most reliable estimate of 
the actual oxidation state of the Mt Pinatubo dacite is that obtained experimentally by 
Scaillet and Evans (1999), which is NNO+(l.5-1.7). This yields an .f02 correction of 
negative 0.57 log units for QUILF estimates of j02, which has been applied to QUILF-
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generated estimates ofj02 for Tampakan Fe-Ti-oxide pairs. This correction is appropriate 
because the best estimates of ..f02 for the Tampakan and Mt Pinatubo series differ by less 
than one log unit. The best estimates of oxygen fugacity for individual units of the 
Tampakan suite are listed in Table 6.3 and are illustrated in Figure 6.5 relative to several 
ore-forming and unmineralised magmatic systems. The }02 range of the Tampakan suite 
varies from NNO+ 1.5 to NN0+2.5 (Table 6.3), near the upper limit of the }02 range for 
typical Cu-Au ore-forming oxidised I-type magmas, and they lie in the field where 
sulphur-as-sulphate (S03) predominates over sulphur-as-sulphide (H2S) (§ 6.6.2). 
6.6.2 Sulphur Speciation 
Poulson and Ohmoto (1990) compiled all available data from metallurgical and 
geological literature dealing with the solubility and speciation of sulphide sulphur in 
hydrous and nominally anhydrous silicate melts. In anhydrous and hydrous melts 
containing more than about 6 wt.% FeO, the sulphur content of silicate melts saturated 
with crystalline pyrrhotite or immiscible Fe-Smelt varies directly with the iron content of 
the silicate melt in a fashion indicating that sulphur in the silicate melt is preferentially 
bonded to (complexed with) Fe to an overwhelming degree. Experiments measuring the 
solubility of pyrrhotite in iron-poor granitic-like melts at 1 to 6 kbar PH20 and 850-
1030°C indicate that pyrrhotite dissolves according to a reaction like: 
FeSx1 + H20Melt = FeOMelt + H2SMelt 
In accord with this dissolution reaction, the experiments show that the melts sulphur 
content rises as its FeO content decreases and as its H20 content increases at relative 
rates consistent with the stoichiometry of this reaction. The data compiled by Poulson and 
Ohmoto (1990) indicate that in dacitic to rhyolitic melts having wt.% H20 >wt.% FeO, 
the dissolved sulphide sulphur is bonded mainly not with Fe but with H (as molecular 
H2S and/or NaHS complexes, for example). I adopt this evidence for sulphide speciation 
in H20-rich, felsic melts at Tampakan. 
The relative proportion of sulphate (S03) and sulphide (H2S) sulphur species within the 
melt can be deduced from constraints on oxidation state of the melt. Carroll and 
Rutherford (1988) used the wavelength shift of sulfur SKa X-rays to measure the 
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proportion of dissolved sulphur as sulphate and sulphide in experimental dacitic melt 
between FMQ-2.1 and FMQ+5.9 at 920 to 1150°C and 1.0 to 4.5 kbar Pnp (fluid 
saturated). Their experiments indicate that the 1 : 1 sulphate:sulphide ratio occurs at FMQ 
+ -1.35 at 1.06 to 4.50 kbars. No reliable experimental data are available for the sulphur 
redox transition at temperatures < 900°C. To extend the 1: 1 sulphide:sulphate contour to 
lower temperatures, I have solved eqn. (9) at selected temperatures to determine the slope 
of the boundary in the plot of log ./02 versus temperature. I assume that the slope of the 
transition between the exsolved gaseous species will closely reflect that for the dissolved 
sulphur species within the melt, which is tantamount to assuming that the ratio of activity 
coefficients of H2S and S03 dissolved in the melt is insensitive to temperature. 
H2S(g) + 202(g) ~ so3(g) + H20 (8) 
log/02 = ~[log(.:r~~ )-logK +logjHp] wherein 
-lo K = Arxn Go = 1 [A Go +A Go - A Go J 
g 2.303RT 2.303RT 1 '°' 1 8 20 1 H,s 
(9) 
where f is the fugacity, R is the gas constant and T is temperature (°K). The standard-
state free energies of formation (~1G0) for H20(g), S03(g) and H2S(g) were interpolated 
from Chase et al. (1985) (JANAF thermochemical tables); fH20 was derived from the 
reaction H20o) tt H20(g) using SUPCRT92 (Johnson et al. 1992). The 1:1 
sulphate:sulphide contour was pinned on the data-point of FMQ+ 1.35 at 920°C from 
Carroll and Rutherford (1988), and the 1: 1 contour in Figure 6.5 was extended to lower 
temperatures using the slope derived from eqn. (9). The contours for 100:1, 104:1 and 
106: 1 were derived by differentiating (9) at constant temperature and /H20 to obtain (10). 
Alog[;s~ ) = 2Alogj02 (10) 
H,s T,PH,o 
i.e., a ten-fold increase in the S03 : H2S ratio occurs at intervals of 0.5 log /02 units. The 
Tampakan suite (Cycle 2, Cycle 4a/4b and Cycle 5 volcanic centres) lies within the 
sulphate dominance field where sulphur as oxidised sulphate (S03) is between -200 and 
-6, 000 times more abundant than reduced sulfur (H2S) (Figure 6.5). The Tampakan array 
of T-/02 points diverges at a low-angle from the NNO buffer. This divergent trend 
indicates that as the temperature of the magmatic series decreases, the oxidation state 
increases slightly, but there is no systematic trend in the sulphate:sulphide ratio because 
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lines of constant ratio lie sub-parallel to the Tampakan data array. The melts vary in /02 
by only one log unit (EA043206 = NNO+l.53; EA046389 = NN0+2.54). 
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Figure 6.5. Calculated temperature and oxygen fugacity of magmatic rocks from the Tampakan 
district, plotted with datafields from other magmatic centres. Labels for the shaded regions are 
BaT - Bandelier Tuff; BiT - Bishop Tuff; EC - El Chich6n; FC - Fish Canyon Tuff; J - Julcani; 
SH - Mt St Helens; and SH* - Mt St Helens pumice (after Imai et al. 1993). The field for the Mt 
Pinatubo dacite was plotted using the f 0 2 and temperature constraints from Scaillet and Evans 
(1999). The fields of FC, SH, EC and J are displaced by 0.57 log units to lower values than 
represented in Imai et al. (1993) to correct for the error in calibration of the Fe-Ti-oxide model at 
high /02 (§6.6.1). As plotted here, the Pinatubo and the El Chich6n fields plot at plausible 
S03:H2S ratios for these series (~10:1) in which pyrrhotite coexisted with anhydrite in the 
magma. The heavy blue lines are mineral buffers of oxygen fugacity calculated at 2 kbars. The 
thin black, blue, green and red lines represent S03:H2S abundance proportions in the melt at 1:1, 
100: 1, 104: 1 and 106: 1 respectively at a water pressure of 2 kbars. The oxygen fugacity and 
temperature range of reduced S-type magmas ( cross-hachured region) and oxidised I-type 
magmas (vertical hachured region) are plotted from Burnham and Ohmoto (1980). The 
Tampakan suite has similar and slightly higher /02 (relative to NNO) than the anhydrite-bearing 
Mt Pinatubo dacite. The Tampakan oxidation states are equivalent to the high-/02 end-members 
of the high-sulphidation ore-forming magmas in the Julcani district (Peru). The wide temperature 
range of the Tampakan suite is a function of the extensive time series plotted. 
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6.6.3 Zircon Ce4+/Ce3+: The Relative Effect of Temperature Versus Oxidation State 
In the range of redox conditions typical of arc magmas, rare-earth elements are 
overwhelming in the +3 valence state, except Ce which has a minor proportion of Ce4+ 
that is strongly partitioned into zircon, and Eu, which has a minor proportion of Eu2+ that 
is strongly partitioned into plagioclase. Chondrite-, primitive-mantle- or N-Morb-
normalised plots of REE's in zircon characteristically display large positive spikes in 
normalised Ce concentrations (and minor negative deviations in Eu) from an otherwise 
smooth normalised REE curve. The tetravalent Ce4+ ion in 8-fold coordination has an 
ionic radius of 0.097 nanometres (nm), which is near the radius 0.084 nm of Zr4+, 
whereas the trivalent Ce3+ ion, and the adjacent REE's La3+ and Pr3+, have ionic radii in 
8-fold coordination of 0.114 nm, 0.118 nm and 0.114 nm respectively (Shannon and 
Prewitt, 1969). Ce4+ is preferentially accepted into the zircon crystal structure relative to 
Ce3+. Besides size mismatch, the trivalent REE's have the further disadvantage of 
requiring a partner for charge-coupled substitution, typically Pol- or Si03(0H)3- for 
S·o 4-1 4 . 
The Ce4+/Ce3+ ratio in the melt reflects the melt oxidation state in the same manner that 
Fe3+/Fe2+ and other redox pairs are /02 indicators. The Ce4+/Ce3+ ratio in zircon is 
investigated to ascertain if it is a useful /02 indicator, or whether Ce4+/Ce3+ variations in 
zircon are dominated by other factors. The variation in melt oxidation state in the 
Tampakan district was investigated using conventional two-oxide magnetite-ilmenite 
oxygen barometry (§ 6.6.1 and Figure 6.5). The Ce4+/Ce3+ ratios in the Tampakan zircons 
were calculated using the procedures of Ballard et al. (in press) and documented in 
Ballard (2001 ), which in tum are similar to the procedure of Philpotts (1970) for 
Eu3+ /Eu2+ in plagioclase. i.e., Ce3+ is estimated by linear interpolation between La and Pr 
in a logarithmic plot of normalised REE abundances in zircon; that value of Ce3+ is 
subtracted from the measured total Ce to obtain Ce4+. The Ce4+/Ce3+ ratios in detrital 
zircons that were obtained by that procedure are plotted in Figure 6.6b and listed in 
Appendix B5. The Ce4+/Ce3+ ratios in 72 zircon grains extracted from six whole-rock 
samples are listed in Appendix C5. The six rocks span a range of silica contents and 
magmatic cycles. Four of these rocks have independent determinations of /02 from Fe-
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Ti-oxides (Table 6.6). The four /02 estimates vary by only one log unit and bracket the 
range of eight /02 estimates listed in Table 6.3. The Ce4+/Ce3+ ratios of 49 zircons from 
the same four rock samples vary from 27.3 to 1188.7 (Table 6.6). 
In light of the foregoing discussion, it is prudent to observe that the general trend of 
ce;i;con I ce;i;co" with time in detrital zircons (Figure 6.6b) is broadly similar to trends of 
U/Ti and Ta/Ge in the same zircon grains (Figure 5.8) which track magma temperature 
and progress of magmatic differentiation (Figure 6.4). Detailed below is a sensitivity 
analysis of the Ce 4+ /Ce3+ ratio in zircon as an indicator of the same ratio in the melt. 
Table 6.6: Variation in Ce4+/Ce3+ ratios in whole-rock zircons and /02 in melt (two-oxide geobarometry). 
No. of Range of Fe-Ti-Oxide Fe-Ti-Oxide Sample Cycle 
zircons Ce4+/Ce3+ /02 Temperature 
--=~~~~~~--J---=--~-------~-~---~---~~-:~~-~-6-l---~o ~~_2_J _______  s2=0c _____ _J 
EA043678 ! 4a ! 13 ! 45.1 - 244.4 1 NNO + 2.4 ! 805°C I 
.--------·J__·~-----1 -+- l---··---·---------·_j 
J EA043206 I 4a . 13 I 27.3 -165.4 NNO + 1.5 865°C ! 
r· ····-£Ao432i4----r·---4i; ·-·-l--···-10-------1--220:6·=-1188:-7-1-·-:NNc5+-2.o . ·906°c-(;~-;~i-&~~-765°cy -·1 
1 .... ·-··--.. -···-·-·--·-------....._·-·------·-·.l.·--··--·--··-··---'---·-····----··---·-----.1...-·----------·-L----·---·--·----·----·-·' 
6.6.4 Magnitude of the Redox Effect on Ce4+ /Ce3+ in Zircon 
The Ce4+/Ce3+ ratios in the Tampakan whole-rock zircons vary between 27.3 and 
1188.7 (a factor of 43.5). The maximum component of (Ce4+/Ce3lzircon variation that may 
be caused by redox variation of the melt can be broadly quantified by thermodynamic 
consideration of cerium solubility in the melt and zircon/melt partitioning criteria. Cerium 
solubility in the melt as trivalent and tetravalent ions can be represented by equation (13). 
C 3+ /ilielt + 1/ Q _ C 4+ /ilielt e Vu 7 4 2 - e V2 
aCe4+ ~ log K = log(--3-)Meli - 14 log /02 ace+ 
(13) 
(14a) 
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8log/02 
=0.25 (14b) from which 
( Ce
4
+ J Blog~ 
Ce Melt 
T,P 
Ce4+ 
At variable temperature, Alog(-3-)M•'' = 114 ANN0 logj02 (See footnote 1) (15) Ce+ 1  
That is, 4 units of change in i1NNolog /02 produce only 1 log unit change in the melts' 
Ce4+/Ce3+. In representative magmas from the Tampakan district of late Miocene to 
Recent age, the total range in 11NNolog /02 determined by magnetite-ilmenite oxygen 
geobarometry (Table 6.3, 6.6; Figures 6.5, 6.6a) is one log unit. This minor variation in 
11NNolog f 02 is consistent with the typical buffering of /02 by mineral assemblages 
during magmatic differentiation. In Figure 6.5, the plotted fields for the volcanic centres 
are elongate parallel to the QFM and NNO mineral buffers, and each of the fields 
displays less than one unit of variation in logNNo/02. By substituting 11NNolog /02 = 1.0 
for the Tampakan district, eqn. (15) indicates that the melts variation is only 
Ce4+ - 0.25 -11( ce3+) Melt -10 - 1.8, whereas Ce4+/Ce3+ in zircon varies by a factor of 43.5 
(Table 6.6; Figure 6.6b). The Ce4+/Ce3+ ratio in zircon is related to the ratio in the melt by 
the ratio of their partition coefficients (D's): 
8log(~i~:::) = 8log [(~;;;, )x(-~=i~:-:::~;::-:: )] 
Ce3• Ce3+ Ce3+ 
(16) 
To obtain the observed ~43.5-fold variation in (Ce4+/Ce3lzircon in zircons extracted from 
the rock samples, while Ce4+/Ce3+ in the melt varies by a factor of only ~1.8, there must 
be a ~24.2-fold variation in the value of the partition coefficient ratio in eqn. (16), (i.e., 
24.2 = 43 ·5 ). Partition coefficients between minerals and melt vary with bulk 
1.8 
composition, and for compatible elements (D> 1 ), they generally increase during 
magmatic differentiation and cooling. 
1 In equation (15), ANNo log /02 = log /02(sarnple) - log /02(NN0 or FMQ) and not the simple numerical /02 
value. This distinction is necessary because the trajectory of Ce4+/Ce3+ contours in T-/02 space are parallel 
to Fe3+/Fe2+ contours, which inturn are almost exactly parallel to the FMQ and NNO buffers at 700-I 100°C 
(Carmichael and Ghiorso, 1986), so all the variation in Ce4+/Ce3+(melt) with changing melt temperature and 
/02 must be represented by the deviation of melt redox state from the NNO or FMQ reference buffers. 
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Figure 6.6. (a) Calculated /02 of the Tampakan magmatic suite plotted against the age of the 
rocks. The total range in /02 is 1.0 log unit based on the mean /02 of samples EA043206 and 
EA045389. (b) & (c) Variation in the Ce4+/Ce3+ and U4+/Nd3+ ratios in detrital zircons versus 
their age. Age error brackets are 2-sigma. Both ratios show similar patterns that mimic long-term 
trends in magmatic differentiation within the district that are the basis of the generalised coloured 
bands. The Ce4+/Ce3+ and U4+/Nd3+ ratios in detrital zircons, both of which have nearly identical 
ionic radius ratios, evolve in a similar manner with time. The U4+/Nd3+ ratio is not influenced by 
varying oxidation state of the melt at the observed /02 conditions in the district, so most 
variation in the Ce4+/Ce3+ ratio must be accounted for by factors other than variation of the melt's 
redox state. 
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Partition coefficients of particular ions are independent of magmatic oxidation state. 
The insensitivity of the Ce 4+ /Ce3+ ratio in zircon to the oxidation state of the melt is 
corroborated by plots of zircon Ce4+/Ce3+ versus tetravalent-on-trivalent element pairs 
that are not redox couples but whose ionic radius ratio (IRR) is the same as that of 
Ce4+/Ce3+. The element pairs measured in the zircons that are sufficiently abundant to 
enable accurate ratio determination, and which have similar ionic radius ratios (Shannon 
and Prewitt, 1969) to Ce4+/Ce3+, are U4+/Pr3+ (IRR=0.88) and U4+/Nd3+ (IRR=0.89). 
Plots of log(Ce4+ /Ce3l versus log(U4+ /Pr3l and log(U4+ /Nd3l for the Tampakan detrital 
zircon data-set show high correlation coefficients ofR = 0.951 (Figures 6.7a,b) 
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Figure 6.7a/b. Element pairs (U4+/Pr3+, U4+/Nd3+) whose charge and ionic radius ratios are 
similar to that of Ce4+/Ce3+ but whose abundances are not influenced by /02 variation in the melt 
are plotted against Ce4+/Ce3+ in zircon. Both these plots reveal that >90 % of the variation in 
Ce4+/Ce3+ in zircon is caused by non-redox effects. 
R2 = (0.951)2 = 0.904, so > 90% of the variation in log Ce4+/Ce3+ in zrrcon 1s 
"explained" by the correlations with redox-independent log U/Pr and log U/Nd. 
The U4+/Pr3+ ratio varies by a factor 25.5 and the U4+/Nd3+ ratio varies by a factor of 
21.8. Both factors, which are independent of redox effects, are equivalent in scale to the 
24.2-fold variation in the value of the DID term in eqn. (16). 
There are two major factors that could produce the ~21 to 25-fold variation in zircon's [ ~~::;:::: l · Ce3+ (ionic radius = 0.114 nm) is a greater misfit into the zircon lattice 
Ce3+ 
relative to Ce4+ (ionic radius= 0.097 nm) because the ionic radius of Ce4+ is closer to that 
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of the tetravalent zircon ion that it replaces (ionic radius = 0.084 run). Consequently the 
D zircon/M•11 will increase at a much slower rate or decrease relative to Dzircon/M•11 as zircon c~3+ ' Ce4• ' 
crystallises from a melt that differentiates from an andesite (>870°C) to a cooler dacite 
( <770°C). This divergence of the Ce3+ and Ce4+ partition coefficients during 
differentiation, and thus during crystallisation from successively cooler melts, is partly 
driven by the increasing rigidity of the zircon lattice at lower temperatures, which 
increasingly excludes the larger trivalent cerium ion relative to the smaller tetravalent 
cenum ion. 
6.6.5 Magnitude of the Temperature Effect on Ce4+ /Ce3+ in Zircon 
Cerium redox equilibrium between melt and zircon can be represented by reaction (17) 
from which expressions (18) and (19) are derived. 
K 
C 3+ + c 4+ = c 3+ c 4+ eZircon eMelt eMelt + eZircon 
(Ce4+ / Ce3+)Zircon 
(Ce4+ /Ce3+)Melt -
DZircon /Melt 
Ce4+ 
DZircon /Melt 
Ce3+ 
(17) 
(18) 
log -- = - + +log --(Ce4+J -Ml ( 1) [ M (Ce4+ J ] Ce3+ Zircon 2.303R T 2.303R Ce3+ Melt (19) 
Taking (~) as the independent variable, (19) could be a linear equation of the form 
y=mx+b, if the bracketed term were nearly constant; the heat capacity change of reaction 
(17) must be near zero, so 11H and 11S must be essentially constants, and it has already 
been established that the variation in (Ce4+/Ce3lMelt is only ~4 % (i.e. 1.8/43.5) of the 
. . . (C 4+/C 3+) vanat10n Ill e e Zircon. 
A plot of log (Ce4+/Ce3lzircon (y-term) against (1000/T) for whole-rock zircon grains 
from six rocks from the Tampakan district is shown in Figure 6.8a. Because most of the 
Ce4+/Ce3+ ratio variation in zircon is due to varying melt temperature, equation (19) can 
be solved for T (temperature in Kelvin) by using the measured (Ce4+/Ce3+)zircon ratios and 
the regression fit in Figure 6.8a. Solving for T of the detrital zircons yields the thermal 
time series in Figure 6.8b, which indicates major heating events. Chamber replenishments 
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by more primitive magma occur at ~6-7 Ma and at ~ 2. 7 to 3. 7 Ma, consistent with time 
series in differentiation indices in Figures 5.8 and 6.4, and coincide with construction of 
the Cycle 2 and Cycle 4a volcanic centres. 
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Figure 6.8 (a) Temperature estimates (from Fe-Ti-oxide and homblende-plagioclase 
geothermometry) and error brackets (1 s.d.) for six Tampakan rock samples plotted against the 
mean (± 1 s.d.) of log (Ce4+/Ce3+) values for zircon grains within the same rocks. The linear 
regression fit in (a) is used to plot the detrital zircon grains against the temperature axis in (b ). 
The black data points in (b) are the rough temperature estimates of the detrital zircon grains 
using the procedure outlined above, whereas the red data points in (b) are the age and well 
constrained temperature estimates of whole-rock samples using Fe-Ti-oxide (Mt-Il) and 
hornblende-plagioclase (H-P) geothermometry. The red points lie within the trend defined by the 
detrital zircon grains, and support the qualitative methodology of tracking the temperature 
variation of the Tampakan suite through time using the Ce4+/Ce3+ ratios in detrital zircons. 
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6. 7 MAGMATIC SULPHUR CONCENTRATION 
In addition to water, chlorine and metals, sulphur is an essential component of ore-
forming magmatic systems. The redox state and concentration of sulphur may have an 
important influence on the ore-forming potential of calc-alkaline magmas. Sulphur 
compounds are abundant in volcanic environments where magma degassing releases 
S02cg) to the atmosphere and/or provides reduced sulphur for the formation of sulphide 
ores at depth within volcanic edifices. However, as noted by Baker and Rutherford 
(1996) and Streck and Dilles (1998), evolved magmas that are typically parental to 
exsolved ore-forming magmatic fluids contain less sulphur within the melt than more 
primitive melts from which they fractionated (Ducea et al. 1994). A compilation of 
sulphur contents in glasses from volcanic rocks by Ducea et al. (1994) reveal that sulphur 
concentrations vary systematically with bulk composition. Alkalic basalts ( 45-50 wt.% 
Si02; Etna and Hawaii) have sulphur concentrations of 2000-3500 ppm, calc-alkaline 
basalts and andesites (50-63 wt.% Si02; Stromboli, Marianas, Lascar) have sulphur 
concentrations of 400-1000 ppm whereas calc-alkaline dacites which are typically Cu-Au 
ore-forming magmas(> 63 wt.% Si02; Julcani, El Chich6n, Pinatubo) have melt sulphur 
concentrations of only 100-350 ppm. Both Julcani and Pinatubo (Dizon deposit) are 
associated with ore formation and both Pinatubo and El Chich6n contain magmatic 
anhydrite and pyrrhotite phenocrysts (Luhr et al. 1984; Imai et al. 1993; Pallister et al. 
1996; Hattori, 1996). Crystallisation of magmatic anhydrite reflects a high magmatic 
oxidation state, wherein sulphur saturation occurs within the sulphate-dominant field, 
However, the presence of anhydrite is masked in most oxidised volcanic successions by 
post-eruption dissolution in local groundwater (Luhr et al. 1984). Streck and Dilles 
(1998) identified sulphur-depleted rims of apatite phenocrysts from the Yerington 
batholith that hosts several porphyry copper deposits (e.g., Ann Mason deposit). They 
concluded that the zoned apatite phenocrysts recorded cryptic anhydrite saturation. 
Apatite phenocrysts from seven samples in the Tampakan district were analysed for 
halogen contents by electron-microprobe to calculate sulphate concentrations in the melt 
using the partition coefficient D:.;;~~:M•11 • The apatite micro-phenocrysts were analysed 
using a CAMEBAX MicroBeam (1983) electron-microprobe that was operated in 
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wavelength-dispersive acquisition mode. Counts were acquired for four minutes per 
analysis. A beam diameter of 2µm was used. Forty-six apatite grains were analysed from 
seven rocks. The analytical data are presented in Appendix C6. The sulphur 
concentrations of the apatites grains range from 0.04 to 1.11 wt.% S03, and most range 
between 0.3 and 0.7 wt.% S03. 
Partition coefficients for sulphate between apatite and glass melt inclusions in samples 
from various magmatic arcs were compiled from Baker and Rutherford (1996) and Peng 
et al. (1997), together with the coefficients in Streck and Dilles (1998). The partition 
coefficients are plotted versus temperature in Figure 6.9a (inset). An exponential curve is 
fitted to six partition coefficients that span a temperature range of 950°C to 760°C. The 
fitted D;,r;::;~~:M•11 values are:~ 3.0 at 950°C (Peng et al. 1997); 3.9 at 930°C, 5.6 at 900°C, 
7.2 at 875°C (Streck and Dilles, 1998); and~ 9 to 13 at 780°C to 760°C (Baker and 
Rutherford, 1996). Only the 950°C partition coefficient from Peng et al. (1997) was used 
because their partition coefficient of~ 35 at 800°C, obtained by experiments on the El 
Chich6n trachyandesite, is inconsistent with the temperature-dependant trend in Figure 
6.9a (inset). Individual partition coefficients were applied to the seven rocks from the 
Tampakan district using the relationship DApati1e tM•11 = 1790e-0·0065r wherein T = temperature Sulphate ' 
(°C). The calculated magmatic temperatures (§6.3) for samples EA049678, EA043212, 
EA043206, EA032314 and EA043204 were used, and the expected melt temperature for 
samples EA043228 and EA045026, based on their silica content and the magmatic 
temperature versus whole-rock Si02 relationship in Figure 6.3, were also used. 
The calculated concentration of sulphate in the Tampakan series melts range from a 
maximum mean value of 311 ppm in sample EA043228 (Cycle 1; 8.42 Ma) and 312 ppm 
in sample EA043206 (Cycle 4a; 3.04 Ma), to a minimum mean value of 57 ppm in sample 
EA043204 (cycle 4b; Nun-Guon plug). The sulphur concentration data are plotted against 
temperature and age in Figures 6.9a,b. Five of the seven samples have mean sulphur 
concentrations between 57 ppm and 188 ppm. These concentrations are low and plot in 
the vicinity of the anhydrite saturation curve (adopted from Streck and Dilles, 1998) in 
oxidised, sulphate-dominated systems. These data strongly suggest that anhydrite 
saturation was a persistent feature of the Tampakan series, at dacitic to rhyolitic 
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Figure 6.9 (a) Sulphate concentrations (ppm) in the melt from seven rocks from the Tampakan 
district are plotted against melt temperature. The red squares are the mean sulphate concentration 
in each rock, whereas the open black circles are the sulphate-in-melt estimates from individual 
apatite grains. The anhydrite saturation curves for Mount Pinatubo and El Chich6n are adopted 
from Streck and Dilles (1998). The open blue circles represent the sulphate concentrations in 
crystallisation experiments by Baker and Rutherford (1996) on the anhydrite-saturated Mt 
Pinatubo dacite. The inset shows the partition coefficient expression derived for sulphate 
partitioning between apatite and melt which was used to determine sulphate concentrations in the 
melt. Five of the seven rocks from Tampakan cluster around the anhydrite saturation curve. The 
high oxidation state [NNO+l.5-2.5; (§ 6.6.2)], the high S03:H2S ratios (Table 6.3) and the low 
sulphate concentrations in the melt are all consistent with anhydrite saturation within samples 
EA045026 (2), EA049678 (3), EA043212 (4), EA043214 (6) and EA043204 (7). (b) Calculated 
sulphur concentrations in the melt are plotted against the age of the rocks, noting that 
x 
S03 melt melt · · · 
-- = 200 to 6000, soXso = Xl:s . There is an over-all trend of sulphur concentrations over time 
XH S 3 
2 
that mimics the long-term trend to more evolved rock compositions. The higher sulphur 
concentration in sample EA043206 (5) coincides with a replenishment episode in the deep 
chamber in which magmatic water contents are diluted by primitive melt during magmatic cycle 
4a. As discussed in Chapter 12, high-sulphidation Cu-Au ore in the Tampakan district may be 
associated with melts which are relatively water-poor but sulphur-rich relative to parental melts 
that generated the earlier porphyry Cu mineralisation. 
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stages of evolution, with decreasing sulphate contents in the melt caused by anhydrite 
saturation. Three of the four samples from the Tampakan district that plot on the saturated 
side of the experimentally-determined anhydrite-saturation curves (Figure 6.9a) of Mount 
Pinatubo (Baker and Rutherford, 1996) and El Chich6n (Carroll and Rutherford, 1987; 
Luhr, 1990) have groundmass Si02 contents of 67.8, 67.9 and 71.6 wt.% Si02 (Appendix 
C4). The two Tampakan samples that plot at higher melt sulphur concentrations and are 
undersaturated with respect to anhydrite (Figure 6.9a), have lower whole-rock silica 
contents (54.8-58.5 wt.% Si02) than the others. The data imply that the Tampakan series 
were sulphur-saturated and crystallised igneous anhydrite at ~67 wt.% Si02 in the melt 
over a significant portion of the late Miocene to Recent magmatic history of the district. 
The anhydrite saturation suggested by these data is consistent with the S03:H2S ratios of 
~200:1 to ~6000:1 determined from the magmatic f0 2 and sulphur speciation 
calculations (Figure 6.5). 
6.8 APPROXIMATE DEPTH OF HYDROTHERMAL FLUID EXSOLUTION 
AND DENSITY OF EXOLVED "WATER" 
The solubility of water in melts is a strong function of total confining pressure, and a 
weak function of temperature and major-element composition of the melt (Burnham, 
1979; Moore and Carmichael, 1998). Ascending melts with high dissolved water contents 
saturate with a saline magmatic brine at deeper levels than melts with lower water 
contents. An existing fluid phase is mechanically stable, and can begin to exsolve when 
its total fluid pressure matches the local confining pressure in the magma - i.e., the 
lithostatic load. The fluid pressure in nascent bubbles of exsolving aqueous fluid is a 
complex and poorly known function of the kinds and relative proportions of dissolved 
solids (e.g., Si02, NaCl, KCl etc) and dissolved gases (C02, S02 etc) that make up the 
aqueous fluid. For purposes of this section, the chemical details of the fluid are simplified 
to the extent of ignoring effects of variable contents of salts and gases, and treating it 
simply as a "granodiorite-saturated" aqueous fluid as encountered in water solubility 
experiments on granitoid silicate melts. 
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Moore and Carmichael (1998) compiled experimental data and parameterised an 
expression that describes how the solubility of H20 in silicate melts varies with confining 
pressure, temperature, and mole fractions of major oxide components of the silicate melt. 
Their expression has been used to calculate values of Pmo that correspond to the 
dissolved H20 contents in Tampakan melts (Table 6.5). Using these calculated magmatic 
water contents, the pressures and depths at which the 13 selected melts became water-
saturated, and commenced exsolving a magmatic-hydrothermal fluid, were calculated. 
The pressures at which silicate-saturated aqueous fluid exsolved ( Psar, Table 6.5) were 
calculated using equation (25) from Moore et al. (1998): 
2 ln X~~~) = a/T + I: bi Xi (PIT)+ c In Jc~:~+ d (25) 
wherein X~~~) = mole fraction of H20 dissolved in the melt, Jc~:~ = fugacity of H20 in 
the fluid, T =temperature (kelvin), P =pressure (bars), Xi= mole fractions of the melt's 
oxide components relative to an anhydrous total, and a,b,c,d are the fit parameters defined 
by Moore et al. (1998). Values of Jc~:~ were obtained from SUPCRT92 for the reaction 
H20(liquid) = H20(gas) at varying P and T, and subsequently equation (25) was iterated on 
varying Jc~:~ and P until the solution converged with the calculated X~~~) . 
The depth (km) of initial magmatic-hydrothermal fluid exsolution from the 13 melts 
(Figure 6.10) during their ascent (ignoring pressure effects of dissolved gases and salts) 
was calculated from the fluid saturation pressures (Psat) by assuming a density of 2.70 
glee and dP/dz = 265 bars/km for the upper crust (Table 6.5). The estimated depths for 
onset of fluid saturation vary from 4.1kmto12.4 km. Experimental data from Baker and 
Rutherford (1992) indicate that S02 concentrations in H20-rich fluids co-existing with 
anhydrite have Ps02 ~ 110 bars at Psat = 2200 bars of pressure fluid. These are thus 
minimum depth estimates for the pure H20 system, because dissolved C02 and S02 
within the melt will force fluid exsolution at deeper levels. The partial molar density of 
the H20 component in exsolved magmatic fluids at the site of initial exsolution during 
ascent, was approximated by interpolating the tabulated fluid density data in Haar et al. 
(1984). The partial molar density of H20 in exolved hydrothermal fluid ranges from ~0.2 
glee to 0.6 glee, with the later, deeper and cooler exolved fluids being significantly denser 
than the earlier, shallower and hotter exolved fluids (Figure 6.10). 
274 
Chapter 6 Intensive Physico-Chemical Properties of the Tampakan Magmatic Series 
0 0.1 glee 
N 
::c 
-"O tn 
Q) .:!::::: 
0.2 glee 
> ca 0 tn 
tn C> 0.3 glee 
>< c: w·-
"O 0.4 glee .... :::s 
o-~~ 
·- Q) 0.5 glee tn-
c: 
Q) 
c 0.6 glee 
0 = 
Minimum Depth oflnltlal s.2wt.% H
2
o O 
Magmatic Fluid 
Ascending Melt , _________ _ 
(Cslculated from Moore et al. 1998) 
Exsolutlon From 12 km ~ 
___ , 
A 5.1 kb 
-- ,, •.............. , ________ _ 
e Depth of Hornblende ............... . 
Crystallisation in lower crustal 
magma chamber 
(Anderson and Smith 1995 - Al-in-Hornblende geobarometer) 
Mohorovicic Disconformity at 31 km 
7 6 5 4 3 2 
Age (Ma) 
- --
5.0 kb 
0 
0 
}3000m••• 2 volcanic edifice 
4 
6 
8 
-10 E ~ 
-
.c 
-12 c. Q) 
c 
14 
16 
18 
20 
22 
24 
Figure 6.10. Depth versus age plot, showing the relative depth of hornblende fractionation 
(blue points) from the three most evolved samples and the minimum depth at which ascending 
hydrous melts commenced exsolution of a magmatic-hydrothermal fluid (yellow points) having a 
composition along the pseudobinary join H20-haplogranite (dissolved gases and chloride salts 
ignored). The minimum depth of initial magmatic-hydrothermal fluid exsolution increases from 
the late Miocene (~6.5 Ma) to the Pleistocene (---0.6 Ma), and corresponds with long-term 
increases in magmatic water contents. The grey band that defines the trend of increasing fluid 
exsolution depth over time is shaped to mimic the element ratios in zircon (U/Ti, Ta/Ge, U/Ge, 
Ce4+/Ce3+ and U4+/Nd3+) that collectively track differentiation and cooling of the magmatic series. 
Aliquots of hydrous (> 6 wt.% H20), hornblende-bearing melt released from a large volume, 
lower-crustal chamber at ~20 km depth at~ 1 Ma, and by analogy at 4.25 Ma (A), would ascend 
~12 km at which point, (B), the melt would attain water saturation due to a decrease in lithostatic 
pressure, and commence exsolving a magmatic-hydrothermal brine at a "minimum" depth of 8 
km, or somewhat deeper if activities of S02(g) and C02(g are high. The implication is that water 
may be exsolved from the melt at depths of 6 kilometres or more below the site of porphyry Cu 
ore formation. The significance of this is discussed in §6.9 below. 
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6.9 CHLORINE IN THE MELT AND IN EXOLVED SUPERCRITICAL 
FLUIDS 
Chlorine contents of saline aqueous hydrothermal fluids that exsolve from cooling and 
decompressing melts play a key role in determining the efficiency in which chlorophile 
ore-bearing elements are partitioned from the melt into an ore-forming fluid. The high 
solubility of copper in exsolved magmatic brines has been demonstrated in a number of 
studies, including identification of copper-rich fluid inclusions within phenocrysts that 
erupted at the Valley of Ten Thousand Smokes (Lowenstem 1993), and copper-rich 
vapour inclusions in pantellerites from Pantelleria (Lowenstem et al. 1991). Candela and 
Holland ( 1984) conducted experiments at 1.4 kbars and 7 50°C on a high-silica rhyolite to 
investigate copper partitioning as a function of the chlorine concentration in the exsolved 
fluid. Their data indicated that the partitioning of copper from the melt into the aqueous 
fluid is a monotonic function of the chloride concentration in the aqueous phase. Keppler 
and Wyllie (1991) indicate a similar monotonic relationship at 2 kbars and 850°C for the 
system haplogranite-H20-HCl. Experimental data by Williams et al. (1995) at 1 kbar and 
800°C and at 0.5 kbars and 850°C also show increasing D~~uid tMetr with increasing 
aqueous chlorine (Figure 6.11 b ). 
There are several major controls that affect the extent to which chlorine, and thus 
copper via its bonding to chloride ions, is partitioned into the exsolved magmatic-
hydrothermal fluid. These controls are pressure, temperature, melt composition and melt 
chlorine content. Experimental data that define the relative enrichment of alkali chlorides 
in exsolved magmatic hydrothermal fluids as a function of pressure, temperature and melt 
composition include Kilinc and Burnham (1972), Webster and Holloway (1988), 
Shinohara et al. (1989), Malinin et al. (1989), Webster (1992), and Metrich and 
Rutherford (1992). The principal controls for chloride melt-liquid partitioning are: 
1) Melts which exsolve a hydrosaline brine at higher pressures have higher nguid!Melt due to 
the greater density of the exsolved hydrosaline brine, and hence its greater chloride 
carrying capacity (Williams et al. 1995). At any given pressure, melts which exsolve a 
h h d 1. b . h 1 h h"gh DF/uid!Melt d h one-p ase y rosa me rme p ase at ower temperatures ave 1 er ct ue to t e 
greater density of the exsolved fluid phase. 
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2) D2uid tMett increases as the Cl content increases in the melt (Webster and Holloway, 1988; 
Webster 1992). 
) A fi d hl "d . . h l DF/uid /Melt • ~ l lk l" 3 t 1xe c on e concentration m t e me t, ci mcreases irom strong y pera a me 
to moderately peralkaline (::: moderately peraluminous) to sub/metaluminous rhyolitic 
melts (Webster 1992), and then decreases again in peraluminous rhyolitic melts (Urabe 
1885; Signorelli and Carroll, 2001). Thus calc-alkalic melts have the highest D[fuidtMett of 
the major compositional rock types. 
4) At fixed pressure, temperature and Cl content of the melt, fluid exsolving from melts with 
lower molar Na20 I (Na20 + K20) have higher values of D[fuid !Melt (Webster 1992). In 
essence, Na and Cl complexes in the melt are more stable than Kand Cl complexes in the 
melt, resulting in greater Cl concentrations in the exsolved fluid phase in melts where K20 
increases at the expense of Na20. Thus potassic and shoshonitic melts with high melt K20 
contents, with all else being constant, have higher Cl contents in exsolved magmatic-
hydrothermal brines. 
5) Aqueous fluids equilibrated with peraluminous rhyolitic melts have higher 
HCl/(NaCl+KCl) ratios than those with metaluminous rhyolitic melts (Urabe 1985; 
Signorelli and Carroll, 2001 ). At any given melt composition, lower-density fluids at lower 
P or higher T have higher HCl/(NaCl+KCl) (Piccoli et al. 1999) because dissolved solids 
(NaCl, CuCl, FeCb etc) have lower solubilities relative to gaseous components (e.g. HCl, 
S02) as the aqueous fluid approaches a gas-like density. 
The pressure of magmatic fluids at saturation in the melt (Psat) calculated in §6.8 are 
plotted against the H20(Melt) in Figure 6.1 la. The data lie near the curves of fluid 
saturation in a simple binary Melt-Fluid(aq) system for a typical andesite or "haplogranite" 
( albite) (Burnham 1979). Figure 6.11 b shows the pressure dependence of partitioning 
coefficients DFluid 1 Melt and DFluid 1 Melt The chlorine data are for partitioning between a Ch/onne Cu • 
haplogranitic melt and aqueous fluid at 810°C (Shinohara et al. 1989) and at 800°C 
(Carroll and Webster, 1994). The coefficients for Cu are from Keppler and Wyllie (1991) 
at 2 kbars and 750°C and from Williams et al. (1995) at 1 kbar, 800°C and 0.5 kbar, 
850°C. The total range in PHP for the Tampakan series is 1.09 to 3.34 kbars (Figure 
6.1 la). This range in saturation pressures equates to a range of minimum exsolution 
depths of 4.1 to 12.4 km, which intum corresponds to a probable range in n[:,uidtMelt of 
~40 to 160 (Figure 6.11 b ). 
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Figure 6.11. (a) Thirteen rocks from the Tampakan suite have PH2o and dissolved wt.% water 
that define a saturation curve which agrees with the experimentally determined H20 saturation 
curve for andesitic and albitic (haplogranitic) melts. Uncertainty brackets on the wt.% dissolved 
H20 are ± 8.85% relative. (b) The partition coefficients for (Na, K, H)Cl as a function of PH20 , 
are plotted for experiments with <10 wt.% Cl in the fluid, and come from Shinohara et al. (1989) 
(Cl, 810°C in dacitic melt-aqueous fluid, black squares) and from Carroll and Webster (1994) 
(Cl, 800°C, 2 kbars, haplogranitic melt-aqueous fluid, blue squares). Fluid/melt partition 
coefficients for Cu are from Keppler and Wyllie, 1991 (Cu, 2 kbars, 750°C in dacitic 
melt- aqueous fluid) and Williams et al. 1995 (Cu, 0.5 kbar, 850°C; and Cu, 1.0 kbar, 800°C in 
d . . 1 fl 'd) Th fi ld d fi h . · DF/uid /Melt h'l h ac1t1c me t-aqueous m . e green 1e e mes t e uncertamty m ci w 1 e t e 
hachured field is a nominal uncertainty in projection of the D~:,uid !Melt data points (yellow stars). 
The range in PH2o for the Tampakan district melts (1.09 to 3.34 bars) corresponds to a probable 
range in D~:,uid !Melr 40 to 160 (red arrows). Dense aqueous fluid exsolving at high pressure is 
much more efficient in extracting chloride salts from the melt than is gaseous fluid exsolving at 
low pressure. 
A broad estimate of the chlorine concentration of the high-sulphidation-stage melts at 
Tampakan can be obtained from available constraints. In Chapter 10 and 11, fluid 
inclusion evidence is presented which indicates that the exsolved fluid at ~ 1 kbar had 
~5 wt.% NaCl-equivalent salinity and ~3 wt.% Cl, or 30,000 ppm Cl. Figure 6.11 b shows 
that at 1 kbar, D~fuid tMelt ~ 20 ± 10, so the melt would have had ~1,500 ppm Cl, which is a 
typical value for metaluminous dacitic melts in arcs. 
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6.10 MELT DENSITY 
The density of the silicate melt was calculated for the 13 samples using the magmatic 
temperatures in Table 6.3, the pressure of crystallisation obtained from the Al-in-
homblende geobarometry (Table 6.4) and the magmatic water contents (Table 6.5). The 
melt densities (Table 6.7) are calculated using the LDENSITY program in Basic (written 
by R.Loucks, unpubl.) which uses mole fractions of oxide components (Ah03, K10 etc) 
and their partial molar volumes as reported by Lange and Carmichael (1990), Kress and 
Carmichael (1991) and the partial molal volume of dissolved water published by Ochs 
and Lange (1999). 
Table 6.7: Estimates of magmatic liquid density at the specified temperature, pressure and melt 
H20 contents, for melt compositions corresponding to whole-rock analyses in 
Appendix B3. 
Sample Temperature Wt.% H20 Pressure Melt Density 
(OC) Plagioclase Rims and (bars) (glee) 
Groundmass pairs 
EA043207 872 4.7 2000 I 2.36 
• DA993948 860 4.1 2000 I 2.37 
: 
I 
EA049678 805 5.6 2000 I 2.31 
EA043212 800 6.0 2000 I 2.27 
EA04495 806 5.8 2000 I 2.25 
EA045799 909 4.4 2000 I 2.34 
EA043206 865 5.1 2000 I 2.31 
DA993972 875 5.4 2000 I 2.31 
EA043214 765 8.2 5140 2.34 
EA045009 785 7.2 5050 2.33 
EA043204 807 6.7 5980 2.36 
EA045002 866 4.9 2000 I 2.34 
EA046389 829 5.5 2000 I 2.33 
A pressure of2 kbar is nommally assigned to rocks with lower Al-m-hornblende contents for density 
determinations. 
For samples EA043214 (Logdeck Andesite), EA045009 (Lambayong Plug) and 
EA043204 (Nun-Guon Plug), whose pressure estimates from Al-in-hornblende barometry 
are considered to be the most reliable, the hydrous melt densities average 2.34 glee (Table 
6.7). The range in density values (2.25 glee to 2.37 glee) is used in buoyancy calculations 
in Chapter 7 to provide broad constraints on the magnitude of crustal stresses required to 
keep such buoyant magmas entrapped in the lower-crust during fractional crystallisation. 
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6.11 DISCUSSION 
The key points which emerge from this study of the physico-chemical variables of the 
Tampakan magmatic series are: 
• A calibration of temperature corrections has been derived for application to 
QUILF-generated temperatures for rocks in which the f02 lies outside the 
calibration range (>NN0+2) of the magnetite-ilmenite Fe-Ti-exchange 
geothermometer. The magnitude of the correction factor is dependent on the mole 
fraction ilmenite in the hematite-ilmenite solid-solution. 
• The re-calibrated Fe-Ti-exchange geothermometer and the hornblende-plagioclase 
geothermometer yield temperature estimates for the Tampakan magmatic series 
that range between 765°C and 909°C. The disparity between the Fe-Ti-exchange 
geothermometer and the hornblende-plagioclase geothermometer for temperature 
estimates of sample EA043214, in conjunction with disequilibrium corrosion and 
replacement textures in plagioclase, biotite and hornblende, indicate that magma 
mixing between cool resident magmas (765°C) and hot recharging magmas (> 
906°C) is recognised in a lower-crustal magma chamber. 
• Aluminium-in-hornblende geobarometry yields crystallisation pressures between 
5.0 and 6.0 kbars for hornblende phenocrysts from three evolved samples that 
satisfy the requirements for application of the geobarometer. These pressure 
estimates correspond to a mean depth of crystallisation of 20 ± 2.2 km beneath a 
granitoid upper crust. Estimates of the depth to the Mohorovicic disconformity 
( ~ 31 km, Chapter 7) beneath southeast Mindanao place these pressure estimates 
within the lower crust. 
• The Housh and Luhr (1991) silicate melt geohygrometer was re-calibrated with a 
series of recent crystallisation experiments on hydrous, intermediate calc-alkaline 
rocks at known water fugacities, and a modified algorithm was generated to allow 
more accurate agreement between TWA TERI-generated magmatic water 
estimates and known water contents. The calibrated correction algorithm was 
applied to the TW ATER I-generated estimates of the Tampakan series. Calculated 
magmatic water contents for the Tampakan series range between 4.1 and 8.2 wt.% 
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H20. The magmatic water contents correlate with wt.% Si02 of the whole-rocks 
and magmatic temperature, but climb relative to Si02 in successive cycles of 
replenishment, mixing, and crystallisation from the late Miocene to the present in 
a persistent fashion that mimics whole-rock major-element and zircon trace-
element (U/Ti, Ta/Ge, U/Ge, Ce4+/Ce3+ and U4+/Nd3+) trends during increasing 
magma differentiation and cooling over this time interval. 
• Oxygen fugacities of the Tampakan magmatic series range between NNO+l .5 and 
NN0+2.5. The entire suite lies within the sulphate dominance field in which 
sulphate sulphur (S03) is ~200 to ~6,000 times as abundant as sulphide sulphur 
(H2S). The oxidation state of the ore-bearing Tampakan magma series is broadly 
equivalent to the magmas within the Julcani high-sulphidation district of Peru. 
They are of equivalent and higher oxidation state relative to the Mt Pinatubo 
dacite, and are more oxidised than the anhydrite-saturated El Chich6n andesite. 
• Thermodynamic constraints and a sensitivity analysis of cerium partitioning 
between melt and zircon, which are interpreted in conjunction with independent 
melt f 0 2 estimates, show that the Ce 4+ /Ce3+ ratio in zircons is predominantly 
(> 90%) a function of magmatic temperature. Ce 4+ /Ce3+ in zircon is a weak, 
insensitive function of f 0 2. The time-dependant trends of these element ratios 
within the detrital zircon suite are congruent with the multi-million-year time-
scale ramps of U/Ti, U/Nd, Ta/Ge and U/Ge in zircon, and with trends of 
magmatic water contents calculated from whole-rocks. These parameters track the 
progress of magmatic differentiation and cooling within the Tampakan time 
series, and identify successive recharge episodes within a long-lived lower-crustal 
magma reservorr. 
• Sulphur concentrations in the melt were estimated from S03 concentrations in 
apatite of seven samples and from known partition coefficients n;g
3
atire !Melt. The 
analysed melts in the Tampakan magma series have sulphur concentrations that 
vary from 312 ppm to 57 ppm. Five of the lower-temperature, more siliceous 
melts plot around the anhydrite-saturation curve. Saturation of the Tampakan 
series with anhydrite occurred at around 67 wt.% Si02 (in the melt). 
Crystallisation of magmatic anhydrite seems to have been a persistent feature of 
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the mineralised Tampakan sequence, with anhydrite saturation occurring late in 
each differentiation cycle and increasingly from the late Miocene to the present. 
• As the Tampakan melts became more hydrous over time, they commenced 
exsolving a denser and more saline magmatic-hydrothermal brine at successively 
greater depths. Water-rich melts (>6.0 wt.% H20) associated with porphyry-style-
mineralisation at the end of magmatic Cycle 3 commenced exsolving a dense 
magmatic brine at greater depths and densities than more water-poor melts ( <4.0 
wt.% H20) associated with the high-sulphidation-stage mineralisation during 
magmatic cycle 4a. The relatively higher proportions of S, As, and Au relative to 
Cu and Fe, in high-sulphidation-stage magmatic fluids than in porphyry-stage 
fluids, probably reflects the variation of fluid/melt partition coefficients with fluid 
density and depth of fluid/melt segregation. 
282 
Chapter 6 Intensive Physico-Chemical Properties of the Tampakan Magmatic Series 
6.12 REFERENCES 
Anderson, DJ. and Lindsley, D.H. 1988. Internally consistent solution models for Fe-Mg-Mn-Ti 
oxides: Fe-Ti oxides. American Mineralogist, 73, pp. 714-726. 
Anderson, D.J., Lindsley, D.H., and Davidson, P.M. 1993. QUILF: A PASCAL program to 
assess equilibria among Fe-Mg-Mn-Ti oxides, pyroxenes, olivine, and quartz. Computers 
and Geosciences, 19, pp. 1333-1350. 
Anderson, J.L. and Smith, D.R. 1995. The effects of temperature and /02 on the Al-in-
hornblende barometer. American Mineralogist, 80, pp. 549-559. 
Baker, D.R. 1985. The compositions of melts coexisting with plagioclase, olivine, augite, 
orthopyroxene, and pigeonite at pressures from one atmosphere to 20 kbar and 
application to petrogenesis in intraoceanic island arcs. PH.D. Pennsylvania State 
University. 
Baker, L. and Rutherford M.J. 1992. Anhydrite breakdown as a possible source of excess sulfur 
in the 1991 Mount Pinatubo eruption. EOS, Transactions AGU73, pp. 625. 
Baker, L. and Rutherford M.J. 1996. Crystallisation of anhydrite-bearing magmas. Transactions 
of the Royal Society of Edinburgh, Earth Sciences, 87, pp. 33-41. 
Ballard, J.R. 2001. A comparative study between the geochemistry of ore-bearing and barren 
calc-alkaline intrusions. PhD Thesis, Research School of Earth Sciences, ANU, 
Canberra. 
Ballard, J.R., Palin, J.M. and Campbell, I.H. 2002. Relative oxidation states of magmas inferred 
from Ce(N)/Ce(ID) in zircon: Application to porphyry copper deposits of northern 
Chile. Contributions to Mineralogy and Petrology (in press). 
Buddington, A.F. and Lindsley, D.H. 1964. Iron-titanium oxide minerals and synthetic 
equivalents. Journal of Petrology, 5, pp. 310-357. 
Burnham, C.W. 1979. Magmas and hydrothermal fluids. In: Barnes H.L. (ed.), Geochemistry of 
Hydrothermal Ore Deposits, 2nd edition. J. Wiley and Sons. pp. 34-76. 
Burnham, C.W. and Ohmoto, H. 1980. Late-stage processes of felsic magmatism. Mining 
Geology Special Issue, 8, pp. 1-11. 
Candela, P.A. and Holland, H.P. 1984. The partitioning of copper and molybdenum between 
silicate melts and aqueous fluids. Geochimica et Cosmochimica Acta, 48, pp. 373-380. 
Carroll, M.R. and Rutherford, M.J. 1987. The stability of igneous anhydrite: Experimental 
results and implications for sulphur behaviour in the 1982 El Chich6n trachyandesite and 
other evolved magmas. Journal of Petrology, 28, pp. 781-801. 
Carroll, M.R. and Rutherford, M.J. 1988. Sulfur speciation in hydrous experimental glasses of 
varying oxidation state: Results from measured wavelength shifts of sulfur X-rays. 
American Mineralogist, 73, pp. 845-849. 
283 
Chapter 6 Intensive Physico-Chemical Properties of the Tampakan Magmatic Series 
Carroll, M.R. and Webster, J.D. 1994. Solubilities of sulfur, noble gases, nitrogen, chlorine, and 
fluorine in magmas. In: Carroll, M.R. and Holloway, J.R. (eds.), Volatiles in Magmas. 
Mineralogical Society of America, Reviews in Mineralogy Volume 30. pp. 231-279. 
Chase, M.W, Jr., Davies, C.A., Downey, J.R. Jr., Frurip, D.J., McDonald, R.A. and Syverud, 
A.N. 1985. JANAF Thermochemical Tables Third Edition Part II, Cr-Zr. Published by 
the American Chemical Society and the American Institute of Physics for the National 
Bureau of Standards. 
Clowe, C.A., Popp, R.K. and Fritz, S.J. 1988. Experimental investigation of the effect of oxygen 
fugacity on ferric-ferrous ratios and unit-cell parameters in four natural clinoamphiboles. 
American Mineralogist, 73, pp. 487-499. 
Crerar, D.A. 1974. Salvation and deposition of chalcopyrite and chalcocite assemblages m 
hydrothermal solutions. PhD Thesis, The Pennsylvania State University. 
Dallagnol, R., Scaillet, B. and Pichavant, M. 1999. An experimental study of a lower Proterozoic 
A-type granite from the Eastern Amazonian Craton, Brazil. Journal of Petrology, 40 
(11), pp. 1673-1698. 
Ducea, M.H., Mcinnes, B.I.A. and Wyllie, P.J. 1994. Sulfur variations in glasses from volcanic 
rocks: Effect of melt composition on sulfur solubility. International Geology Review, 
36, pp. 703-714. 
Ghiorso, M.S. and Sack, R.O. 1991. Fe-Ti oxide geothermometry: Thermodynamic formulation 
and the estimation of intensive variables in silicic magmas. Contributions to 
Mineralogy and Petrology, 108, pp. 485-510. 
Haar, L., Gallagher, J.S. and Kell, G.S. 1984. NBS/NRC Steam tables thermodynamic and 
transport properties and computer programs for vapor and liquid states of water in SI 
Units. Hemisphere Publishing Corporation. 
Hammarstrom, J.M. and Zen, E-AN. 1986. Aluminium in hornblende: An empirical igneous 
geobarometer. American Mineralogist, 71, pp. 1297-1313. 
Hattori, K. 1996. Occurrence and origin of sulfide and sulphate in the 1991 Mount Pinatubo 
eruption products. In: Newhall, C.G. and Punongbayan, R.S. (eds.), Fire and mud -
eruptions and lahars of Mount Pinatubo, Philippines. Seattle: University of 
Washington Press, pp. 807-824. 
Holland, T. and Blundy, J. 1994. Non-ideal interactions in calcic amphiboles and their bearing 
on amphibole-plagioclase thermometry. Contributions to Mineralogy and Petrology, 
116, pp. 433-447. 
Hollister, L.S., Grissom, G.C., Peters, E.K., Stowell, H.H. and Sisson, V.B. 1987. Confirmation 
of the empirical correlation of Al in hornblende with pressure of solidification of calc-
alkaline plutons. American Mineralogist, 72, pp. 231-239. 
Housh, T.B. and Luhr, J.F. 1991. Plagioclase-melt equilibria in hydrous systems. American 
Mineralogist, 76, pp. 477-492. 
284 
Chapter 6 Intensive Physico-Chemical Properties of the Tampakan Magmatic Series 
Imai, A., Listanco, E.L. and Fujii, T. 1993. Petrologic and sulfur isotopic significance of highly 
oxidised and sulfur-rich magma of Mt Pinatubo, Philippines. Geology, 21, pp. 699-
702. 
Johnson, J.W., Oelkers, E.H. and Helgeson, H.C. 1992. SUPCRT92: A software package for 
calculating the standard molal thermodynamic properties of minerals, gases, aqueous 
species, and reactions from 1 to 5000 bar and to 1000 degrees C. Computers and 
Geosciences, 18(7), pp. 899-947. 
Johnson, M.C. and Rutherford, M.J. 1989. Experimental calibration of the aluminium-in-
homblende geobarometer with application to Long Valley caldera (California). 
Geology, 17, pp. 837-841. 
Keppler, H. and Wyllie, P.J. 1991. Partitioning of Cu, Sn, Mo, W, U, and Th between melt and 
aqueous fluid in the systems haplogranite-H20-HC1 and haplogranite- H20-HF. 
Contributions to Mineralogy and Petrology, 109, pp. 139-150. 
Kilinc, A. and Burnham, C.W. 1972. Partitioning of chloride between a silicate melt and 
coexisting aqueous phase from 2 to 8 kilobars. Economic Geology, 67, pp. 231-235. 
Kress, V .C. and Carmichael, I.S.E. 1991. The compressibility of silicate liquids containing Fe20 3 
and the effect of composition, temperature and oxygen fugacity and pressure on their 
redox states. Contributions to Mineralogy and Petrology, 108, pp. 82-92. 
Lange R.L. and Carmichael I.S.E. 1990. Thermodynamic properties of silicate liquids with 
emphasis on density, thermal expansion and compressibility. In: Nicholls, J. and 
Russell, J.K. (eds.), Modern Methods of Igneous Petrology: Understanding Magmatic 
Processes. Mineralogical Society of America. Bookcrafters Inc. Michigan. 
Lowenstem, J.B. 1993. Evidence for a copper-bearing fluid in magma erupted at the Valley of 
Ten Thousand Smokes, Alaska. Contributions to Mineralogy and Petrology, 114. pp. 
409-421. 
Lowenstem, J.B., Mahood, G.A., Rivers, M.L. and Sutton, S.R. 1991. Evidence for extreme 
partitioning of copper into a magmatic vapor phase. Science, 252, pp. 1405-1409. 
Luhr, J.F. 1990. Experimental phase relations of water- and sulfur-saturated arc magmas and the 
1982 eruptions of El Chich6n Volcano. Journal of Petrology, 31, pp. 1071-1114. 
Luhr, J.F. and Melson, W.G. 1996. Mineral and glass compositions in June 15, 1991, pumices: 
Evidence for dynamic disequilibrium in the dacite of Mount Pinatubo. In: Newhall, 
C.G. and Punongbayan, R.S. (eds.), Fire and Mud - Eruptions and Lahars of Mount 
Pinatubo, Philippines. Seattle: University of Washington Press, pp. 733-750. 
Luhr, J.F., Carmichael, I.S.E. and Varekamp, J.C. 1984. The 1982 eruptions of El Chich6n 
volcano, Chiapas, Mexico: Mineralogy and petrology of the anhydrite-bearing pumices. 
Journal ofVolcanology and Geothermal Research, 23, pp. 69-108. 
Malinin, S.D., Kravchuck, I.F. and Delbove, F. 1989. Chloride distribution between phases in 
hydrated and dry chloride-aluminosilicate melt systems as a function of phase 
composition. Geochem Int, 26, pp. 32-38. 
285 
Chapter 6 Intensive Physico-Chemical Properties of the Tampakan Magmatic Series 
Martel, C., Pichavant, M., Holtz, F. and Scaillet, B. 1999. Effects of /02 and H20 on andesite 
phase relations between 2 and 4 kbar. Journal of Geophysical Research, 104 (B 12), 
pp. 29453-29470. 
Mathews, S.J., Jones, A.P. and Beard, A.D. 1994. Buffering of melt oxygen fugacity by sulphur 
redox reactions in calc-alkaline magmas. Journal of Geological Society, London 151, 
pp. 815-823. 
Metrich, N. and Rutherford, M.J. 1992. Experimental study of chlorine behaviour in hydrous 
silicic melts. Geochimica et Cosmochimica Acta, 56, pp. 607-616. 
Moore, G. and Carmichael, I.S.E. 1998. The hydrous phase equilibria (to 3 kbar) of an andesite 
and basaltic andesite from western Mexico: Constraints on water content and 
conditions of phenocryst growth. Contributions to Mineralogy and Petrology, 130, pp. 
304-319. 
Moore, G., Vennemann, T. and Carmichael, I.S.E. 1998. An empirical model for the solubility of 
H20 in magmas to 3 kilobars. American Mineralogist, 83, pp. 365-42. 
Nakada, S. 1991. Magmatic processes in titantite-bearing dacites, central Andes of Chile and 
Boliva. American Mineralogist, 76, 548-560. 
Ochs, A. and Lange, R.A. 1999. The density of hydrous magmatic liquids. Science, 283, pp. 
1314-1317. 
Pallister, J.S., Hoblitt, R.P., Meeker, G.P., Knight, R.J. and Siems, D.F. 1996. Magma mixing at 
Mt Pinatubo: Petrographic and chemical evidence from the 1991 deposits. In: Newhall, 
C.G. and Punongbayan, R.S. (eds.), Fire and Mud - Eruptions and Lahars of Mount 
Pinatubo, Philippines. Seattle: University of Washington Press, pp. 687-731. 
Peng, G., Luhr, J.F. and McGee, J.J. 1997. Factors controlling sulfur concentrations in volcanic 
apatite. American Mineralogist, 82, pp. 1210-1224. 
Philpotts, J.A. 1970. Redox estimation from a calculation of Eu2+ and Eu3+ concentration in 
natural phases. Earth and Planetary Science Letters, 9, pp. 257-268. 
Poulson, S.R. and Ohmoto, H. 1990. An evaluation of the solubility of sulfide sulfur in silicate 
melts from experimental data and natural samples. Chemical Geology, 85, pp. 57-75. 
Powell, R. and Powell, M. 1977. Geothermometry and oxygen barometry using coexisting iron-
titanium oxides: A reappraisal. Mineralogical Magazine, 41, pp. 257-263. 
Rumble, D. 1970. Thermodynamic analysis of phase equilibria in the system Fe2Ti04-Fe30 4-
Ti02. Carnegie Institution of Washington Year Book 69, pp. 198-207. 
Rutherford, M.J. and Devine, J.D. 1988. The May 18, 1980 eruption of Mount St. Helens: ill. 
Stability and chemistry of amphibole in the magma chamber. Journal of Geophysical 
Research,93,pp. 11949-11959. 
Rutherford, M.J. and Devine, J.D. 1996. Preeruption pressure-temperature conditions and 
volatiles in the 1991 dacitic magma of Mount Pinatubo. In: Newhall, C.G. and 
Punongbayan, R.S. (eds.), Fire and Mud - Eruptions and Lahars of Mount Pinatubo, 
Philippines. Seattle: University of Washington Press, pp. 751-766. 
286 
Chapter 6 Intensive Physico-Chemical Properties of the Tampakan Magmatic Series 
Scaillet, B. and Evans, B.W. 1999. The 15 June 1991 eruption of Mount Pinatubo. I. phase 
equilibria and pre-eruption P-T-fOrfH20 conditions of the dacite magma. Journal of 
Petrology, 40 (3), pp. 381-411. 
Schmidt, M.W. 1992. Amphibole composition in tonalite as a function of pressure: An 
experimental calibration of the Al-in-hornblende barometer. Contributions to 
Mineralogy and Petrology, 110, pp. 304-310. 
Shannon, R.D. and Prewitt, C.T. 1969. Effective ionic radii in oxides and fluorides. Acta Cryst, 
B25, pp. 925-946. 
Shinohara, H., Iiyama, J.T. and Matsuo, S. 1989. Partition of chlorine compounds between 
silicate melts and hydrothermal solutions. I. Partition of NaCl-KCI. Geochimica et 
Cosmochimica Acta, 53, pp. 2617-2630. 
Signorelli, S. and Carroll, M.R. 2001. Experimental constraints on the ongm of chlorine 
emissions at the Soufriere Hills volcano, Montserrat. Bulletin of Volcanology, 62, pp. 
431-440. 
Spencer, K.J. and Lindsley, D.H. 1981. A solution model for coexisting iron-titanium oxides. 
American Mineralogist, 66, pp. 1189-1201. 
Streck, M.J. and Dilles, J.H. 1998. Sulfur evolution of oxidised arc magmas as recorded in 
apatite from a porphyry copper batholith. Geology, 26, pp. 523-526. 
Thomas, W.M. and Ernst, W.G. 1990. The aluminium content of hornblende in calc-alkaline 
igneous rocks: A mineralogic barometer calibrated experimentally to 12 kbars. In: 
Spencer, R.J. and Chou, I-M. (eds.), Fluid-mineral Interactions: A Tribute to HP. 
Eugster. Geochemical Society Special Publication 2, pp. 59-63. 
Urabe, T. 1985. Aluminous granite as a source magma of hydrothermal ore deposits: An 
experimental study. Economic Geology, 80, pp. 148-157. 
Venezky, D.Y. and Rutherford, M.J. 1999. Petrology and Fe-Ti oxide reequilibration of the 1991 
Mount Unzen mixed magma. Journal of Volcanology and Geothermal Research, 89, 
pp. 213-230. 
Webster, J.D. and Holloway, J.R. 1988. Experimental constraints on the partitioning of Cl 
between topaz rhyolite melt and H20 and H20 + C02 fluids: New implications for 
granitic differentiation and ore deposition. Geochimica et Cosmochimica Acta, 52, pp. 
2091-2105. 
Webster, J.D. 1992. Water solubility and chlorine partitioning in Cl-rich granitic systems: 
Effects of melt composition at 2 kbar and 800°C. Geochimica et Cosmochimica Acta, 
56, pp. 679-687. 
Williams, T.J., Candela, P.A. and Piccoli, P.M. 1995. The partitioning of copper between silicate 
melts and two-phase aqueous fluids: An experimental investigation at lkbar, 800°C and 
0.5 kbar, 850°C. Contributions to Mineralogy and Petrology, 121, pp. 388-399. 
Chapter 7 Crustal Stress and Thermal Constraints on Prolonged Deep Crustal Magma 
Entrapment. 
CHAPTER 7 
CRUSTAL STRESS AND THERMAL CONSTRAINTS 
ON PROLONGED DEEP CRUSTAL MAGMA ENTRAPMENT 
7.1 INTRODUCTION 
287 
Mineralogical, petrochemical, incompatible element and volatile component trends 
within the Tampakan district igneous suite (Chapters 5 and 6), plus geochronological 
data (Chapter 4) record a prolonged history of high-pressure fractional crystallisation at 
deep levels in the crust (18-22 km), followed by either transient residence in shallow-
level chambers in the upper-crust, or direct eruption from the lower crust to the surface. 
Extended deep-level fractionation is atypical in most volcanic arcs, where magma 
ponding and fractional crystallisation commonly occurs at the brittle-ductile transition in 
the middle crust and/or in high-level sub-volcanic magma chambers within the upper 
crust. This chapter investigates the hypothesis that horizontal compressive tectonic stress 
has enabled entrapment of the parental melts to the Tampakan magmatic suite in a long-
lived chamber in the lower-most sub-arc crust using mechanical constraints on magma 
entrapment, and thermal modelling constraints on magma chamber longevity in the 
lower crust. 
Estimates of the stress orientation in the Tampakan district between the late Miocene 
and the present (§7.2) are derived from regional-, district- and plate-scale strain features 
observed in the upper crust of Mindanao. In §7.3, a first-order estimate is derived for the 
magnitude of deviatoric stress required to trap a magmatic reservoir in the lower crust at 
depths of 18-22 km during horizontal crustal compression in southern Mindanao. §7.4 
investigates the thermal structure of the lower sub-arc crust using constraints from 
crustal geotherms in other volcanic arcs obtained from published xenolith data. Simple 
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single-stage conductive cooling of magma chambers with different dimensions and 
depths are modelled in §7.5 to constrain the variation of chamber longevity with depth of 
emplacement. Presented in §7.6 are four detailed thermal models that incorporate two 
stacked chambers, each with multiple recharge events. These detailed models are 
designed to simulate the simultaneous thermal evolution of two levels of magma 
chambers within the Tampakan district (i.e. a long-lived lower-crustal chamber that feeds 
several transient upper-crustal chambers), hence more accurately simulating the 
Tampakan magmatic system. These detailed thermal models allow broad mass balance 
constraints to be placed on the volume of melt cycled through the lower-crustal chamber 
such that the modelled magma volumes and lower-crustal chamber thickness are 
consistent with the thermal and stress properties of the crust in southeast Mindanao at the 
time. In § 7. 7 a mechanism for long-term "ramping" of incompatible element and volatile 
component concentrations within the magmatic series over the 7 million year period 
since the late Miocene is discussed. 
Prior to analysis of the stress and thermal conditions of the rocks surrounding the deep 
chamber where high-pressure fractional crystallisation has occurred, the crustal structure 
of Mindanao requires definition. In Chapter 6, Al-in-hornblende barometry of three 
Pleistocene rocks yielded depth estimates for hornblende fractionation of ~ 18-22 km 
(§6.4). The best available estimate for the thickness of the crust beneath southern 
Mindanao is 31 km (Figure 7.1). This estimate is based on the 2°x2° crustal model 
[CRUST2.0] which is an updated version of the 5°x5° model [CRUSTl .OJ generated by 
Mooney et al. (1998). The Al-in-hornblende geobarometer estimates of~ 18-22 km for 
hornblende fractionation beneath the Tampakan district indicates that high-pressure 
fractionation of the suite occurred near the transition between the lower and middle crust 
as modelled by Laske, Masters and Reif of the Scripps Institute of Oceanography. 
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Figure 7.1 Crustal thickness within 2°x2° blocks in Mindanao. Data were plotted from the 
Scripps Institute of Oceanography Global Crustal Model "CRUST2.0". See Mooney et al. (1998) 
for the earlier 5°x5° model. The Tampakan district is shown by the T-symbol. The modelled 
thickness of the crust in southeast Mindanao is 31 km, the upper 1 km is modelled as soft-
sediment while the upper, middle and lower crust have modelled thicknesses of 10 km each. 
7.2 STRESS ORIENTATIONS IN SOUTHEAST AND SOUTHERN 
MINDANAO 
Crustal compression m southeast Mindanao was manifested by widespread thrust 
faulting during the Pliocene (Chapter 2; Figure 2.15). Gradual relaxation of horizontal 
crustal tectonic stresses in the region since the late Pliocene is attributed to the initiation 
of new subduction zones at the Philippine and Cotabato trenches. 
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The tectonic framework of southern Mindanao during the middle to late Miocene was 
dominated by the WNW-ESE-oriented Cotabato sinistral wrench fault, which defined a 
transform segment of the plate boundary between the Philippine Sea Plate and the 
Eurasian Plate (Chapter 2). The approximate orientation of stress tensors during the pre-
collision period in Mindanao is inferred from the geometry of this wrench system; 
cr1 -070° Horizontal, cr2 Vertical, cr3 - 160°S Horizontal 
The cr3 orientation is kinematically consistent with inferred back-arc tensional stresses 
developed in south-central Mindanao behind the Sulu arc and Cagayan Ridge, with NE-
SW-trending horst and graben blocks on the Zamboanga peninsula and with NE-SW-
trending tilt-blocks in the Sibuguey Gulf (Figure 2.15 and Pubellier et al. 1991 ). The 
horizontal orientation of the minimum principal stress direction ( cr3), where crustal stress 
is accommodated by wrench faulting, facilitates vertical transfer of magma from the 
lower to upper crust along vertical dykes oriented normal to cr3. 
7.2.2 Stress Tensor Orientations: Syn-Collision (Pliocene to Early Pleistocene 5-1 
Ma) 
The Pliocene collision event in southeast Mindanao was associated with collision of the 
Sangihe and Halmahera fore-arcs in the northern Molucca Sea and with transpressional 
"docking" of northeast and southwest Mindanao along the Cotabato wrench fault. The 
collision event was manifested in southern, eastern and central Mindanao by east- and 
west-directed thrust faults that post-date late Miocene to early Pliocene volcanic and 
sedimentary successions (Chapters 2 and 3). The thrust faults strike at 340°N, verge 
towards 070°E south of the Cotabato Fault Zone and towards 250°W north of the 
Cotabato Fault Zone (Chapter 2; Figure 2.15). The approximate orientations of regional 
stress tensors for the syn-collision period in southeast Mindanao in areas of thrust 
faulting are; 
cr1 -070° Horizontal, cr2 -160° Horizontal, cr3 Vertical 
The transition from pre-collision wrench faulting to syn-collision thrusting m 
southeastern Mindanao must be associated with a reversal in the orientations of cr2 and cr3 
principal stress axes, such that cr3 is re-oriented into a vertical position. The principal 
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stress axis direction ( cr1) is unchanged during this stress re-orientation. Pubellier et al. 
(1991) describe the collision event as a "soft-collision" due to a significant proportion of 
strain being taken up by continued displacement along the Cotabato Fault Zone during 
transpressional docking. Crustal compression in Mindanao between 5 Ma and 1 Ma may 
have been associated with a complex interplay between wrench faulting in central and 
western Mindanao and thrust faulting in central and southeastern Mindanao, with 
oscillation of cr2 and cr3 between vertical and horizontal. The principal stress axis ( cr1) 
remained broadly constant in orientation. Because the Tampakan district is located in a 
region of intense collision-related thrust faulting, I will assume that cr3 was vertical 
during most of the collision period. This stress orientation may favour deep emplacement 
of magmas as sub-horizontal lenses, oriented normal to cr3, while horizontal cr1 and cr2 
would suppress magma intrusion along vertically oriented faults, dykes or magma 
conduits at shallow crustal levels. 
7.2.3 Stress Tensor Orientations: Late-Collision (Middle Pleistocene to Recent, 
<1 Ma) 
There are several geomorphological features that indicate recent extension along NNE-
to NE-trending structures. The linear northwest margins of lakes Lanao and Buluan and 
of Sarangani Bay may reflect young pull-apart or half-graben basins that developed 
within the broad envelope of the Cotabato wrench system (Figure 2.15). During the 
waning stages of collision, a return to wrench-dominated faulting may have occurred 
along the Cotabato Fault Zone in the middle Pleistocene under an ENE-WSW 
contractional stress field. This facilitated NW-SE-directed extension along NE-SW-
oriented structures within the wrench system, many of which may represent pre-existing 
tensional fractures related to the pre-collision stress field (§7.2.1). Evidence for wrench 
movement in the Tampakan district after the middle Pliocene includes the truncation of 
Pliocene bedding trends along the Alip River Fault, a strand of the Cotabato Fault Zone 
(Figure 3.2; Chapter 3). 
The present orientation of the post-collision principal stress axes in southern 
Mindanao, indicated by Pubellier et al. (1991) below, are based on stress measurements 
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in the Malangas coal mines in SW Mindanao, and on normal displacement along several 
strands of the WNW-ESW trending Cotabato Fault Zone along the Daguma Range front; 
cr1 100° Horizontal cr2 Vertical cr3 007° Horizontal 
Pubellier et al. (1991) infer that the post-collision cr3 stress direction may relate to 
incipient tensional forces that are generated in the back-arc environment of the young 
Cotabato subduction system. Kreemer and Holt (2000) model present day extensional 
and compressional strain rates/directions for much of southeast Asia using GPS-derived 
velocity data. Their best-fit model in the Mindanao region agrees well with the estimates 
of Pubellier et al. (1991) above. Furthermore, GPS data presented in Rangin et al. (1999) 
indicate that the DAV A station in eastern Mindanao (Figure 2.15) is moving 28 l .5°W, 
parallel to the 100° cr1 orientation of Pubellier et al. (1991) cited above. During the late 
Pleistocene (?) the Cotabato subduction system was sufficiently established to set up 
NNE-SSW-oriented tensional stresses in the "proto-back-arc" environment. This latest 
stress re-orientation produced normal displacement along the WNW-ESE trending 
Daguma Range Front Fault (Figure 2.15 and Pubellier et al. 1991) and the Buayan Fault 
(Figure 3.2). 
The important feature of this interpretation is that cr3 was vertically oriented during the 
period of compressional deformation and thrusting, thus facilitating development of lens-
like magma chambers within the lower-crust during that period. 
7.3 ESTIMATION OF STRESS (cr1 AND cr2) MAGNITUDES DURING THE 
PLIOCENE COLLISION EVENT 
Primitive magmas generated by melting of spinel or garnet lherzolite within the mantle 
are significantly more buoyant (density~ 2.70 glee for a picrite) than the surrounding 
mantle rock (density ~ 3.2 glee), and upon segregation from the source region they 
migrate up to the base of the crust or into the lower crust. At this point, the stress regime 
in the crust dictates whether these ascending picritic or basaltic melts can continue 
propagating as dykes into the middle and upper crust, or whether they are forced to 
accumulate and spread laterally as sill-like chambers at the base of, or within, the lower 
crust. In stress regimes where the horizontal tectonic stresses are extensional or weakly 
compressional, and where the minimum compressive stress (cr3) is horizontal (e.g. during 
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pre- and post-collision periods), these melts may briefly fractionate at the Moho or in the 
lower crust until they reach a basaltic stage of differentiation before they continue to 
ascend as dykes into the middle and upper crust. When they reach a level of neutral 
buoyancy they stall and form shallow-level (5-10 km depth) sub-volcanic chambers that 
initially consist of basalt. In contrast, when the crustal stress regime has the minimum 
stress axis (cr3) oriented vertically (e.g. during tectonic collision events), and the 
horizontal compressive stresses ( cr1 and cr2) are of sufficient magnitude, lateral inflation 
of Moho-level or lower-crustal-level melt reservoirs produces deep-seated sill-like 
magma chambers. Although episodic magma ascent may occur during periods of sudden 
stress relief induced by seismic events in the upper crust, which is otherwise under 
significant compression (S.Cox pers. comm.), magmas in general need to achieve 
sufficient buoyancy to overcome the high tectonic stresses prior to ascent to shallow 
crustal levels. The buoyancy is gained partly by magmatic differentiation but mostly by 
thickening of the magma column. 
Conditions for Vertical Magma Transfer During Crustal Compression 
Vertical magma emplacement to shallow levels in the crust is governed by dyke-tip 
propagation, whereby the principal upward driving force is the buoyancy force (B) that 
is proportional to the density difference between the magma and its wall-rocks. This 
density contrast determines the magma excess pressure which is present in a static crack 
(Watanabe et al. 1999) and which exists in the carapace of deep magma chambers. The 
principal forces which inhibit dyke propagation through and above the roof of magma 
chambers are the horizontal tectonic stresses acting normal to a fracture, and the elastic 
resistance of the country rock to opening of a vertical fissure (Ida, 1999). The interplay 
between these controlling forces, described below, determine whether vertical dyke 
propagation above the magma reservoir is prevented or facilitated. 
Buoyancy (B) 
The buoyancy of a magma column is a function of the density contrast ~p between the 
melt and the surrounding country rock, and the total height of the melt column. The 
buoyancy force (B) at the uppermost point in a magma body is given by equation (1), 
where Prx is the average density of the surrounding country rock in the lower crust, Prnelt 
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is the bulk density of the melt column, G is the gravitational constant and z is the height 
of the melt column. 
B = (Prx - Pmelt) Gz 
Horizontal Tectonic Stress (crTect) 
(1) 
The regional stress field will impose a restraining force normal to the dyke/fracture, 
which will range in magnitude between cr1 and cr2 for various potential dyke orientations. 
O"Tect will act to close the dyke/fracture tip, and is the principal force that inhibits vertical 
dyke propagation through the crust. 
Horizontal Elastic Resistance ( O"Elastic) 
O"Elastic is the mean elastic resistance of the country rock to opening of a fissure, and 
operates over a given fracture length. I will ignore the elastic resistance force of the 
surrounding ductile lower crust. Elastic forces are most significant in rocks at or above 
the brittle-ductile transition, where the yield strength of the rocks is sufficient to store 
elastic energy and apply that as an opposing stress to dyke dilation; however in the 
ductile lowermost crust they are negligible. In a magma trapping stress field with vertical 
cr3, the build-up of buoyancy force parallel to cr3 may eventually attain the magnitude of 
cr2 at the dyke tip. When they become equal the horizontal cr2 tectonic stress is 
inadequate to keep the dyke tip closed. Magma is able to ascend when the buoyancy 
force exceeds cr2 at the dyke tip in the cupola of the melt reservoir. The condition for 
when the magma buoyancy just balances the tectonic restraining force is given by 
equation (2), and is used to calculate the horizontal tectonic stress required to prevent 
dyke propagation in the lower crust along a vertical plane normal to the weakest 
horizontal compressive stress axis ( cr2). 
O" J = 0"2 = 0"3 > [(Prx - Pmelt) Gz] (2) 
Both cr1 and cr2 will be of similar magnitude (i.e. cr1 is only slightly greater than cr2) in 
the lower crust, where rocks are relatively plastic and are less able to maintain deviatoric 
stresses compared to the upper crust. 
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In Chapters 4-6, evidence was provided for long-lived, high-pressure magmatic 
fractionation of the Tampakan district suite, in which the first-order control on 
petrogenetic evolution was prolonged deep-crustal-level fractionation, and cyclic build-
up of volatile components such as water (and by analogy chlorine) over several million 
years (§7.7). In contrast, subsequent low-pressure fractionation of some of these melts, 
upon ascent from the deep reservoir to transient short-lived chambers in the upper crust, 
is of secondary petrogenetic significance. In Chapter 6, a density variation of 2.25 glee to 
2.3 7 glee was calculated for 13 melt compositions from the district. If these melts were 
stored in a deep-crustal-level magma lens, and their ascent was controlled by buoyancy 
forces within the ductile lower crust, then broad constraints can be made on the 
magnitude of stresses required to modulate the ascent of melt batches within the 
measured density range. Thus the magnitude of lower crustal tectonic stresses required 
to entrap these melts within a deep magma chamber can be estimated. These estimates, 
however, will be subject to uncertainty in the values chosen for the vertical magma 
column height. 
Using equations (1) and (2) above, the magnitude of tectonic stress required to entrap 
and subsequently allow a melt column to fractionate to the measured melt density prior 
to ascent (Table 7 .1 ), is calculated for the two end-member densities (Pmelt = 2.25 glee 
and 2.37 glee), at five different magma chamber heights (z = 0.5, 1, 2, 3 and 4 km) and at 
four estimates of the density of lower-crustal wall-rocks (Prx). The range in chamber/sill 
height (z) is constrained by the relative thickness of individual cumulate cyclic units 
within exhumed Moho-level magma chambers (Jijal Complex, Kohistan Arc; Pakistan -
R. Loucks pers. comm.). A reasonable approximation for the vertical dimension of a 
lower-crustal sill-like chamber is between 500 metres and 4 km. 
The lower crust of continents, and by corollary the southern Mindanao continental 
crustal fragment, at depths of 20-25 kilometres consist of granulite rocks of mafic to 
intermediate composition (Taylor and McLennan, 1985; Rudnick and Fountain, 1995). 
Seismic velocities commonly reach 6.9 km s-1 at depths of 20-30 km in continental crust, 
typical of mafic granulites (Rudnick and Fountain, 1995). Amphibolite-grade rocks may 
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be important at deep crustal levels where there is a high water flux, such as in island-arc 
settings (Rudnick and Fountain, 1995), and where geothermal gradients are lower. 
Typical densities of granulites of dioritic to tonalitic composition are 2.86 g cm-3 to 
2.91 g cm-3, whereas densities for garnet-bearing and garnet-free mafic granulites are 
3.10 g cm-3 to 3.00 g cm-3 respectively (Rudnick and Fountain, 1995). The mean density 
of mafic gneisses of amphibolite facies is 3.028 g cm-3, similar to that of garnet-free 
granulite (Rudnick and Fountain, 1995). Consequently the densities of lower crustal wall 
rocks of intermediate to mafic granulite composition range between 2.86 and 
3.00 g cm-3• These Prx values are broadly consistent with the lower-crustal density of 
2.95 g cm-3 calculated for the Aleutian Arc by Kay and Kay (1985). The Prx values used 
in the calculations are listed in Table 7 .1. 
The tensile strength of rocks in the lower-most crust is weak compared to compressive 
tectonic stresses. The tensile strength of granite is ~ 7-25 Mpa at 25 °C ( Attewell and 
Farmer, 1976), however it decreases significantly at higher temperatures characteristic of 
the lower crust, and in rocks which display anisotropic foliation typical of gneisses. The 
tensile strength of hot ductile rocks, especially if there are pre-existing fractures or 
foliation, is effectively zero and so is disregarded here. The calculated density of the 
erupted melts is assumed to represent the bulk density of the melt column that was 
mobilised upward at any point in time, and so the deep chamber will be assumed to be 
homogeneous so as to allow derivation of the potential chamber vertical dimensions 
within a plausible range of stress estimates. The density values of the southern Mindanao 
lower crustal sequence (Prx) used for the minimum horizontal stress calculations, together 
with possible rock types, vertical column height of magma within the chamber, 
calculated buoyancy forces (B), and calculated horizontal crustal stresses ( cr1 ~ cr2) are 
given in Table 7.1 below. The magnitude of the primary and secondary principal 
horizontal stresses required to entrap a deep-crustal-level magma chamber with an 
evolved andesite melt composition, that has a bulk density of 2.25 to 2.3 7 glee, is of the 
order of 5.7 to 20.6 MPa for a 1-3 km thick magma reservoir (Table 7.1). 
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Table 7 .1: Horizontal compressive stress required to prevent vertical dyke propagation in the 
lower crust 
Lower Wall- Melt Ap 
Crustal Lithology Rock Density (prx-Pmelt) Vertical Chamber Dimensions 
Density (Pme!t) 
(Prx) 
(glee) (glee) (glee) 0.5 1 2 3 4 
km km km km km 
** Buoyancy Force (MPa) 
Intermediate Granulite 2.86 2.25 * 0.61 2.99 5.98 12.00 17.93 23.91 
2.86 2.37 * 0.49 2.40 4.80 9.60 14.41 19.21 
Aleutian-type Lower Crust 2.95 2.25 * 0.70 3.43 I 6.86 13.72 20.58 , 27.44 2.95 2.37 * 0.58 2.84 5.68 11.37 17.05 22.74 
Amphibolitic Mafic Gneiss 3.03 2.25 * 0.78 3.82 7.64 15.29 22.93 30.58 
+ Mafic Granulitic 3.03 2.37 * 0.66 3.23 6.47 12.94 19.40 25.87 
* 2.25 glee and 2.37 glee are the minimum and maximum melt densities calculated for the Tampakan 
suite (Chapter 6). 
** The calculated magma buoyancy force at dyke tips in megapascals (Mpa) is equivalent to the 
horizontal compressive stress required to entrap a deep-crustal-level magma chamber at densities 
greater than those specified and allow extended deep-crustal fractionation. 
7.3.2 Strain and Convergence Rate Estimates for the Mindanao Collision Zone. 
The ability of the rheologically weak lower-most crust to transmit compressive stress is 
hindered by stress relaxation, so an effective transmitted stress in a rheologically weak 
lower-crust requires an even greater applied compressive stress. Given an average 
surface heat-flow of 100 mW/m2 in volcanic arcs (Yamano and Uyeda, 1988), we can 
calculate an average arc geothermal gradient of 35°C/km, which yields a temperature of 
700°C at a depth of 20 km (Chapman, 1986). Calculated viscosities of basaltic rocks at 
700°C average 1022 Pa s-1 or 1016 MPa s-1 (Talbot, 1999), however the viscosity can vary 
between -1021 and -1023 Pa s-1. I treat the long-term stress-strain relation in ductile 
lower crust as that of a viscous fluid, since the average long-term deformation of a 
plastic-viscoelastic system is equivalent to a viscous fluid (Liu et al. 2000). The general 
formula for the strain rate m a VISCOUS fluid IS given by 
Stress 
Viscosity 
Fractional Shortening 
Unit Time 
Average Strain Rate . The average strain rate (ASR) is related to the 
principal horizontal compressive stress ( cr Hor) by equation (3 ). 
cr Hor I 11 = ASR (3) 
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where O"(Hor) is the horizontal compressive stress (Pa), YJ is the viscosity (Pa s-1) and ASR 
is the average strain rate. The average strain rate is related to the horizontal orogen 
deformation rate by equation (4), whereby the deformation rate (mm/year) is a product of 
the average strain rate and the width of the orogen. Combining equations (3) and ( 4) 
yields expression (5) that is cited by Liu et al. (2000). 
ASR x Orogen Width = ODR (Orogen Horizontal Deformation Rate) (4) 
Combining equations (3) and (4) yields: ODR = (crHor I YJ) x Orogen Width (5) 
Table 7.2 presents calculated orogenic deformation rates for the same range of magma 
column heights (0.5, 1, 2, 3 and 4 km), for the two end-member melt densities of 2.25 
glee and 2.3 7 glee, using the cr Hor values calculated in Table 7 .1, and using five estimates 
of the viscosity of the lower crust which vary within the range identified for a basalt at 
700°C (1021 , 5x1021 , 1022, 5x1022 and 1023 Pa s-1). The distribution of east- and west-
verging collision-stage thrust faults (124°52'00 - 126°30'00) in Mindanao, and in the 
Davao Gulf (Quebral et al. 1996), define an "orogen" width of 180 km. 
The calculated orogenic deformation rates in Table 7 .2 are highly dependent on the 
viscosity of the lower crust; however, broad constraints may be gained from Figure 7.2. 
This figure (reproduced from Chapter 2) shows known constraints on convergence 
between the Philippine Sea Plate and the Sunda Block, and the subduction history of 
Mindanao, which together allow a first-order estimate of the component of the total 
convergence that was partitioned into intra-plate deformation. The orange shaded area in 
Figure 7.2 illustrates that the estimated magnitude of the convergence that was 
partitioned into intra-plate deformation (calculated from purely tectonic considerations) 
varies between 3 and 30 mm/year between 6.5 Ma and the present. This component of 
convergence (mm/year) is equivalent to the "orogenic deformation rate" which is 
calculated independently (Table 7.2) using the density calculations in Chapter 6 for the 
Tampakan suite. The estimates shaded in grey in Table 7.2 are the orogenic deformation 
rates that broadly fall in the range identified in Figure 7 .2. This range is broadly 
equivalent to the range of orogenic deformation rates calculated by numerous other 
workers (Bucher et al. 1996; Ahrendt et al. 1986; Armstrong, 1968; Meigs et al. 1995; 
Harrison et al. 1992 and Yin et al. 1994) in other collision belts (Figure 7.3). 
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Figure 7.2 First order estimation of the orogenic deformation rates (mm/year) for the 
Tampakan district at 250,000-year increments (white arrows). See §2.6 of Chapter 
2 for discussion of diagram. 
Table 7 .2 : Calculation of orogenic deformation rates at variable viscosity of the lower crust. 
Magma Magma Tectonic Orogen 
Column Height Density Stress Width Viscosity of Lower Crust (Pa s"1) 
(km) (Pmagma) (O'eor) 
(glee) (MPa) (km) 1021 Sxl021 1022 5x1022 1023 
* Oro2enic Deformation Rate (mm/year) 
0.5 2.25 3.43 180 19.5 3.9 1.9 0.4 0.2 
0.5 2.37 2.84 180 16.1 3.2 1.6 0.3 0.2 
1.0 2.25 6.86 180 38.9 7.8 3.9 0.8 0.4 
1.0 2.37 5.68 180 32.2 6.4 3.2 0.6 0.3 
2.0 2.25 13.72 180 77.9 15.6 7.8 1.6 0.8 
2.0 2.37 11.37 180 64.5 12.9 6.5 1.3 0.6 
3.0 2.25 20.58 180 116.8 23.4 11.7 2.3 1.2 
3.0 2.37 17.05 180 96.8 19.4 9.7 1.9 1.0 
4.0 2.25 27.44 180 155.8 31.2 15.6 3.1 1.6 
4.0 2.37 22.74 180 129.1 25.8 12.9 2.6 1.3 
* From Table 7 .1 [calculated using an Aleutian-arc-type lower crust density of 2.95 glee - Kay and Kay 
(1985)]. 
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Figure 7.3 Typical deformation rates in orogenic belts of Palaeozoic and Mesozoic age (from 
Foster and Gray, 2000). 
These data imply that the viscosity of the lower crust in Mindanao is most likely to be 
in the range of Sx1021~1022 Pa s-1, that magma column heights between 0.5 km and 4.0 
km are reasonable for the Tampakan deep crustal reservoir, and that horizontal stress in 
the lower crust was likely to range from ~3-8 MPa in the waxing and waning phases of 
the collision. A maximum stress state of around 20-27 MPa may have occurred during 
the peak of the collision event. In Figure 7.3, the Sevier and Himalayan orogens 
represent two extremes of orogenic deformation rates at 1.03 mm/year and 19.60 
mm/year respectively. If orogen deformation rates of 3-10 mm/year are more typical of 
most orogens (Figure 7.3), then from Table 7.2 and lower-crustal viscosities of 
Sxl021~1022 Pa s-1, the stress field can trap buoyant melt columns of ~1 to 3 km thick. 
While these constraints are valid within their uncertainty, further refinement of these 
parameters could be derived from palinspastic reconstruction of the total percentage of 
shortening within the region of thrust deformation in southeast Mindanao. Unfortunately 
geological maps of sufficient detail are not available through the entire region, although 
Quebral et al. (1996) compiled schematic sketches of the deformation zone in the 
southern portion of the Pacific Cordillera in east Mindanao. 
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The thickness that a magma column may attain within a sill-like chamber in the lower 
crust is governed by the total buoyancy of the chamber relative to the horizontal 
confining stress acting on potential vertical dykes in the carapace. This relationship is 
illustrated in Figure 7.4, which plots the height of a magma column at specified melt 
density that generates sufficient buoyancy (B) to overcome the minimum horizontal 
tectonic stress ( cr2) plotted on the abscissa, and to allow dyke hydraulic fracture 
propagation from the roof of a deep lower-crustal magma chamber. Data are calculated 
for a basaltic melt (p = 2.75 glee), an andesitic melt (p = 2.60 g/cc) and a dacitic melt 
with a density similar to that of the Tampakan suite (p = 2.40 glee). The lines are 
calculated using the relationship B = cr2 = [(Prx - Pmagma) Gz], where B is the buoyancy 
(MPa), and cr2 is the weakest of the principal horizontal confining stresses, Prx and Pmelt 
are the densities of the wallrocks in the lower-most crust and of the melt, respectively, G 
is the gravitational constant and z is the height of the melt column. 
Lower Crustal Density= 2.95 g/cc 
7 
0 -lf=:;.._~~--'J-~~~~l,L-~~~~~~~~~~~~~ 
0 5 10 15 20 25 
Buoyancy (MPa) 
Figure 7.4 Magma column height versus total melt buoyancy at specified melt density. 
At 5 MPa confining pressure, an andesitic chamber with an average density of 2.60 
glee needs to accumulate a melt column height of~ 1.5 km (point a) before it is able to 
overcome the confining stress and allow dykes to ascend. If the tectonic stress on the 
same chamber/sill increases to 10 MPa, then the melt within the chamber/sill would not 
have sufficient buoyancy to allow dyke propagation unless it evolved by fractional 
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crystallisation to a dacitic composition (point b) with a mean density of 2.40 glee. During 
the period of magmatic differentiation it would remain "entrapped" until fractional 
crystallisation of additional recharge aliquots had accumulated a 1.5 km column of 
dacitic melt. At 10 MPa tectonic stress, however, inflation of the chamber to a 3 km high 
magma column of andesitic melt (2.60 glee) with allow buoyant magma escape (point c ). 
The orogenic deformation rate (ODR; mm/year), which represents plate convergence 
that is not accommodated by subduction, but which is accommodated by intra-plate 
deformation (see §2.6 - Chapter 2), was read off from Figure 7.2 at 250,000-year 
intervals between 7 Ma and the present. Equations (2) and (5) can be rearranged to yield 
equation (6); Z =( ODR x17 J 
Orogen Width X Pcwallrock-Magma) x G 
(6) 
Using the calculated ODR at 250,000 year increments from Figure 7.2, equation (6) 
was solved for a series of melts from the Tampakan district whose densities were 
calculated in Chapter 6, so as to obtain a series of curves (Figure 7 .5), each of which 
tracks the required magma column height needed for each specified melt to have the 
"escape- buoyancy" (because we see them erupted at the surface) with respect to the 
varying orogenic deformation rate (ODR) calculated at each of the 250, 000 year 
increments. The ~p value for each melt was calculated relative to a density of 2.95 glee 
for an "Aleutian Arc type" lower crust (Kay and Kay, 1985). In this case, the orogen 
width was 340 km as determined by the distance between the Sulu Trench and the 
Philippine Trench, being the area within which the convergence-accommodation was 
partitioned in Figure 2.16 (Chapter 2; §2.6). The values obtained for the height of a 
magma column are highly dependent on the chosen value for the viscosity at the base of 
the crust (11), which can vary from 1021 Pa s-1 to 1023 Pa s-1 for a mafic amphibolite =:: 
basalt at 700°C. Consequently, the chosen value for the viscosity of the lower crust (11) 
was 5x1021 Pa s-1 in order to generate plausible magma column heights. It should be 
qualified here that, given the uncertainty in ( 11), Figure 7 .5 is not designed to stipulate 
what the actual magma column heights were, but rather to show the time-dependent 
relative changes (from 7 Ma to 0 Ma) of the magma column height required to allow 
dyke propagation above a deep-crustal-level magma chamber/sill. The red points in 
Figure 7 .5 are the rocks from the Tampakan district which have age constraints (Chapter 
c 
E 
:I 
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4) and which have calculated melt densities (Chapter 6). Each point is plotted on its 
respective curve. The black curve represents the "relative" magma chamber height (the 
actual height is subject to the uncertainty in 11) interpolated between the Tampakan data 
points. 
Lower Crustal Viscosity = 5 x1021 Pa s-1 
Lower Crustal Density= 2.95 glee 
Curves plotted for densities of Tampakan 
andesitic to dacitic melts presented in 
Table 6.7 - Chapter 6. 
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Figure 7.5. Relative magma chamber/sill height required to allow ascent of melts from the 
lower crust of the Tampakan district (defined by coloured curves) at each of the 250,000 Kyr 
increments of orogenic deformation rate estimated from Figure 7 .2. Each of the melts from the 
district is plotted on its respective curve that is specific to its density, and the ages determined in 
Chapter 4. Although the absolute scale of the chamber height is subject to substantial uncertainty, 
the time-dependent variation in relative height is semi-quantitatively accurate. The period of 
most intense intra-crustal compression during subduction reversal (Figure 7.2), is coincident with 
the period of most effective stress entrapment of magma (least leakage out), and with the greatest 
thickness of accumulated melt. 
Figure 7.5 illustrates that at relatively low orogenic deformation rates, and hence low 
principal compressive tectonic stresses, sill-like chambers will have reduced vertical 
dimensions, as melt injection into the chamber will inflate it laterally and buoyant 
emission of melt from the top of the chamber will maintain a steady-state chamber 
thickness under the ambient stress regime. As orogenic deformation rates increase and 
higher principal tectonic stresses are applied, a sill-like chamber can survive an increase 
in vertical melt column height. The black curve in Figure 7.5, which is interpolated 
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between the Tampakan data-points, illustrates that despite the total variation in melt 
density of the Tampakan suite (2.25 to 2.37 glee), the relative change in the chamber 
thickness closely tracks the intensity of the compressive deformation in the crust. The 
major recharge event identified in Chapter 5 (Figure 5.8) at ~3.8-3.2 Ma (Cycle 4a), 
when magmatic water contents and other incompatible elements were reset to more 
primitive values (Figures 6.4 and 6.6), would be coincident with a major period of 
inflation (Figure 7.5) of the lower-crustal magmatic reservoir. 
7.4 THERMAL CONSTRAINTS ON LONGEVITY OF DEEP CRUSTAL 
CHAMBERS 
7.4.1 Constraints From Xenolith Suites 
A long-lived and evolving calc-alkaline magmatic reservoir is postulated to exist in the 
lower sub-arc crust beneath the Tampakan district to account for the long-lived (late 
Miocene to Recent) spatial focus of magmatism in multiple over-printing volcanic cycles 
(Chapter 4), and to facilitate long-term ramping trends in incompatible and volatile 
components of the melt that are observed through successive magmatic cycles. However, 
thermal constraints need to be addressed to ascertain if an evolving melt reservoir can be 
kept above its solidus for the postulated time frame of six to seven million years. In the 
above context, although no individual batch of melt needs to reside within the deep 
chamber for the entire duration of its lifespan, the chamber as a chemically and 
physi9ally evolving entity needs to endure across successive volcano-building episodes 
as a staging-post for melt input from the mantle, for crystal fractionation, segregation of 
cumulus phases and volatile enrichment prior to melt transit through the upper crust. 
Furthermore, the total volume of magma injected into the chamber, and the volume of 
cumulus phases which gravitationally segregate from the melt, must be significantly 
greater than the magma volume extracted from the top of the reservoir during its ~6-7 
Myr lifespan, so that the deep chamber retains most of the volatiles which accumulated 
from crystal fractionation of prior generations of melt related to earlier volcanic cycles. 
In a compressive stress regime in the lower crust where mafic magmas are trapped, 
pond and undergo fractional crystallisation, the temporal continuity of a large (~25-30 
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km x ~ 1-3 km?) sill-like melt reservoir is dependent on the frequency at which it is 
recharged by hot, primitive parental melts, the frequency and volume of discharge from 
the chamber, and on the thermal regime in the surrounding wall-rocks which control the 
rate of conductive cooling. If the cr3 stress axis is vertical, inflation of the sill-like 
reservoir by magma injection will be preferentially lateral, because the horizontal plane 
represents the path of least resistance in the ductile lower crust. Provided recharge is 
semi-continuous and discharge is highly modulated by the compressive stress regime in 
the lower crust, the chamber may grow substantially in the lateral dimension, and to a 
lesser degree in the vertical dimension, during crustal compression. Thus during 
compressive deformation the accumulation of melt by entrapment may facilitate 
longevity of the melt reservoir. 
The long-term survival of a melt reservoir requires ambient temperatures in the lower 
crust to be sufficiently high that conductive cooling of the chamber is slow. In this case, 
late-stage, small volume, highly fractionated residual melt can persist within the 
reservoir above the solidus temperature for extended periods of time until the deep 
chamber is reinflated by a successive recharge and volcano-forming cycle. Petrological, 
temperature and pressure profiles of the lithosphere have been defined in several 
volcanically active regions, based on the study of xenolith suites, that allow 
determination of geothermal gradients (O'Reilly and Griffin, 1985). In regions where 
temperatures are obtained from xenolith suites that consist only of spinel lherzolites or 
peridotites from the lithospheric mantle, temperature estimates at the Moho and in the 
lower crust are dependant on the ability to extrapolate the geotherm to shallower levels. 
Geothermal gradients are established for many areas of the crust, and two typical 
continental geotherms are presented in Figure 7 .6. Regional geothermal gradients 
derived from studies of xenolith suites need to be interpreted carefully because, in some 
studies, unusually high geotherms have been attributed to local warming of the lower 
crust or upper mantle by the prior passage of melt. For reliable geotherm estimation 
using geobarometry and geothermometry, mafic and ultramafic xenoliths must have 
equilibrated along the geotherm prior to intrusion of the ascending host magma 
(Takahashi, 1980). Consequently, the best constrained geotherms, from which to 
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Figure 7 .6 (opposite). Pressure-temperature gradients defined by geothermobarometry on 
suites of lower crustal and upper mantle xenoliths contained within volcanic rocks that erupted at 
several different arc-related tectonic settings. In several regions, xenoliths are derived only from 
the uppermost lithospheric mantle, while in other regions the xenolith suite spans the local crust-
mantle boundary. The crustal and upper-mantle geotherms for the Ichinome-gata (K) and 
Chugoku (L) districts, of NE and SW Honshu respectively, were reproduced from Kushiro 
(1987). I have compiled the remaining data from: Fukue-jima [(A-B) Umino and Yoshizawa, 
1996]; Jeju Island [(C-D) Choi et al. 2001]; Valovayam Volcanic Field, Kamchatka arc [(J) 
Kepezhinskas et al. 1995]; Northern Kamchatka [(I) Kepezhinskas, 1993]; Mercaderes, SW 
Colombia [(G-H) Weber et al. 2001]; Camp Creek, Arizona [(E-F) Esperanca and Holloway, 
1984; Esperanca et al. 1988]; Ventura, Central Mexico [(0-P) Luhr and Aranda-Gomez, 1997] 
and Southern Patagonia, Argentina [(M-N) Stem et al. 1999]. The depth scale in km was 
calculated assuming an average arc-crust density of 2.84 glee (Kay and Kay, 1985). The 
mismatch between this scale and the Moho depth estimate for the Mercaderes district ( 14 kbars -
42 km, Weber et al. 2001) is due to their assignment of a crustal density of 3 .0 glee for a basaltic 
crust. The continental geotherms at 60 mW/m2 and 90 mW/m2 are plotted from Pollack and 
Chapman (1977). The three red lines that represent the wet-solidus for basalt/gabbro, 
andesite/tonalite and granite/rhyolite were scaled from Stem et al. (1975). Depth to Moho 
estimates were available from five of the localities based on petrology of the xenolith suites 
and/or independent seismic data. For the two localities where Moho depth estimates were not 
available (Fukue-jima and Jeju Island), the Moho depth is assumed to be equivalent to the nearby 
Chugoku District ( 11.1 kbars ). Six of the nine districts show temperatures at the Moho of around 
760-860°C, while eight of the districts show Moho temperatures which are at or above the wet-
solidus for basalt, andesite and rhyolite. The estimated depth at which the deep magmatic 
reservoir resides in the lower crust below the Tampakan district (5-6 kbars, 18-22 km; Al in 
hornblende geobarometry) is shown by the light grey band. The nine colour-coded circles which 
lie within this band represent the assumed ambient temperature of the lower crustal rocks 
surrounding the deep chamber, prior to chamber emplacement, for nine different estimates of 
geothermal gradients which correspond to the nine volcanically active districts from which the 
geotherm has been estimated from xenolith suites. The dashed red line at 400°C represents the 
brittle-ductile transition. The geothermal gradient in the Tampakan district is likely to be similar 
to that of other island arc settings such as Ichinome-gata, Chugoku and Fukuwe-jima in Japan 
and Jeju Island in Korea, where crustal thicknesses are broadly comparable to the crustal 
thickness in the Tampakan district (-31 km, §7.1). These data yield lower crustal temperature 
estimates, at 18-22 km below Tampakan, in the range of 540°C to 800°C. These temperatures 
straddle the temperature range of the wet-basalt to wet-rhyolite solidi (-620-680°C). The 
conclusion to be drawn from these data is that large, hydrous, calc-alkaline magma chambers 
entrapped at depths of 18-22 km would conductively cool extremely slowly in the case of the 
lower temperature estimates (-540-650°C), and low volume, residual fractionated melts could be 
preserved indefinitely in the case of the upper temperature estimates for the wall-rocks (-650-
8000C) at or above the wet solidus, provided the melts are kept trapped at depth by the ambient 
stress regime. These data, together with thermal modelling presented in §7.5 and §7.6, imply that 
a large and deep lower crustal chamber may survive between successive recharge events 
throughout the period of compressive deformation. 
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establish the typical temperature in the lower crust, are calculated from xenolith suites 
which were entrained into the first eruptions of monogenetic volcanic fields, below 
which the thermal structure of the upper mantle and lower crust has not been locally 
perturbed by prior magmatism. Detailed in Table 7 .3 are several studies that yield 
information on the ambient temperature in the lower crust of volcanically active regions. 
Table 7.3: Lower Crustal and Upper Mantle Xenolith Suites 
Country Xenolith Suite P-TPath 
Spinel-lherzolite, 
Ichinome- NE Honshu harzburgite, wehrlite, Figure 7.6 gata Japan pyroxenite, gabbro, 
granulite, amohibolite. 
Chugoku SW Honshu Pyroxene gabbro, Figure 7.6 Japan irranulite. 
Granulite, homblendite, 
Mercaderes SW Colombia pyribolite, pyroxenite, Figure 7.6 
imeiss. 
Spine! lherzolite, 
Fukue-jima SW Japan harzburgite, dunite, Figure 7.6 
pyroxenite. 
Jeju Island Korea Spine! lherzolite ± spine! Figure 7.6 harzburgite, pyroxenite 
Valovayam Nth 
Volcanic Kamchatka Spine! lherzolite Figure 7.6 
Field Russia 
Nth Amphibole-bearing Russia ultramafic and mafic Figure 7.6 Kamchatka 
xenoliths 
Eclogite, garnet 
Camp Creek Arizona clinopyroxenite, Figure 7.6 
amphibolite. 
Ventura Central Spine! Peridotite Figure 7.6 Mexico 
Sth Argentina Gamet peridotite, spine! Figure 7.6 Patagonia peridotite 
Moho 
Depth 
(Kbars) 
8 
11.2 
14 
11.2? 
11.2? 
7-8 
7-8 
10 
- 11.4 
- 8.8 
Moho 
Temperature 
(OC) 
800- 900 
810 - 850 
- 850 
-1000 
810 - 850? 
540 - 620 
550- 640 
600- 827 
- 900 
- 590 
Reference 
Kushiro (1987) 
Kushiro (1987) 
Weber eta!. 
(2001) 
Umino and 
Yoshizawa (1996) 
Choi et al. (2001) 
Kepezhinskas et 
al. (1995) 
Kepezhinskas 
(1993) 
Esperanca and 
Holloway (1984) 
Esperanca et al. 
(1988) 
Luhr and Aranda-
Gomez, 1997 
Stemetal. 1999 
Geothermal gradients tend to be steeper in volcanic island arcs than in passive 
continental settings because the crust is thinner, and has been thermally heated by 
subduction-related magmatism. Heating of the crust beneath the Tampakan district by 
magma advection almost certainly occurred prior to commencement of collision. 
Included in Figure 7 .6 are the conductive continental geotherms for surface heat flows of 
60 mW/m2 and 90 mW/m2 from Pollack and Chapman (1977). The crustal geotherms for 
the island arc sequences are steeper than the high continental geotherm of 90 m W/m2• 
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Six of the nine districts plotted in Figure 7 .6 show temperatures at the Moho between 
7 60-860°C, and eight of the districts show Moho temperatures which are at or above the 
wet solidus for basalt, andesite and rhyolite. The temperature in the vicinity of the crust-
mantle boundary in the lchinome-gata, Chugoku, Jeju Island, Mercaderes, Camp Creek 
and Ventura regions are all between -J 50°C and -250°C hotter than the wet-solidus for 
the entire differentiation range of common arc volcanic sequences (basalt to rhyolite) . 
These data indicate that if a large, evolving, hydrous calc-alkaline melt reservoir is 
trapped in the lower crust or at the Mohorovicic disconformity, the temperature of the 
surrounding rocks of the lower crust and upper mantle are sufficiently high, being near or 
above the solidus temperature of the melt within the reservoir, that the magma reservoir 
can exist for several million years, or "indefinitely'', if compression in the lower crust 
prevents ascent of the residual melt. Consequently magma that has ponded at the crust-
mantle boundary or at some other horizon of rheological contrast in the lower crust can 
undergo long-term evolution through multiple fractionation and replenishment cycles 
over the entire duration of a typical compressional deformation event and/or orogeny in 
the overlying crust (3-10 million years). 
Upper crustal sub-volcanic chambers have life spans that are typically less than the 400 
Kyr, and which match the lifespan of convergent margin stratovolcanoes that they build. 
Cooling of these shallow-level chambers is facilitated by the cooler country rocks in the 
upper crust and also by convective groundwater systems. In contrast, the hot thermal 
regime surrounding lower-crustal melt reservoirs facilitates extremely slow cooling over 
several million years, and in some thermal regimes guarantees their indefinite longevity 
during periods of compression in the overlying crust. 
7.5 SINGLE-STAGE CONDUCTIVE COOLING MODELS OF MAGMA 
CHAMBERS 
The longevity of a large sill-like magma reservoir entrapped in the lower crust is 
dependent on the rate of recharge and the rate of heat conduction from the chamber to the 
surrounding country rocks, which in tum is affected by the initial crustal geotherm. 
Thermal modelling was carried out to simulate the effects of conductive heat flow 
around the Tampakan lower- and upper-crustal magma chambers, and to ascertain if a 
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residual differentiated liquid fraction within the deep lower-crustal magma chamber 
could remain above its solidus over several million years, between successive recharge 
events, and so allow accumulated incompatible elements to be incorporated in successive 
one-to-three-million-year-scale cycles of chamber evolution. 
The modelling was conducted using the software program KWare HEAT Version 
4.03.0131 * (Wohletz and Heiken, 1992; http://www.eesl.lanl.gov/Wohletz!Heat.htm). 
This program is a 2-D graphical, user-interactive, heterogenous heat flow simulator for 
magma chambers developed by Dr Kenneth Wohletz of Los Alamos National 
Laboratory. HEAT is designed to simulate transient thermal regimes in and around 
crustal magma chambers. The program is built around the solution of conservation of 
energy by finite differencing, and calculates the non-linear effects of heterogeneous 
media plus temporal, spatial and thermally varying properties. The HEAT program 
utilises a finite-element computational mesh to which the rock properties: directional 
thermal conductivity; density; initial geothermal gradient; permeability and magma 
temperature are assigned. Up to eight different rock types and over 20 melt types can be 
assigned to the co-ordinate mesh of a heat-flow model, and the properties listed above 
can be modified at any step within the model. A more detailed description of the 
program is in Appendix D 1. 
Thermal modelling was conducted in two stages. The first stage, discussed here, 
comprised single-stage conductive cooling models of magma chambers, with no 
recharge. The thermal models were conducted on five different magma chambers for 
which starting temperatures, depths and dimensions varied. These single-injection and 
conductive cooling models were conducted to quantify the variation of cooling rates as 
the chamber depth and thickness were varied, and to allow estimates of the maximum 
repose time permitted between recharge episodes to ensure continuity of chemical 
evolution above the solidus temperature in the deep lower-crustal chambers. 
7 .5.1 Simple Cooling Models 
The assigned parameters for the five models in which simple cooling of single-injection 
magma chambers were conducted are listed in Table 7.4 and displayed in Figure 7. 7. An 
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initial geothermal gradient of 25°C was used. The thermal conductivity values used for 
the models were based on compilations by the Japan Nuclear Cycle Development 
Institute (1999) for crystalline acidic and basic rocks. 
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Initial Geothermal Gradient= 25°C for Models A, B, C, D1, E 
Initial Geothermal Gradient = 30°C for Model D2 
Figure 7.7 Model profile used for the simple cooling models A-E. The single magma chambers 
in each model are shown combined on this diagram. The layer-cake density and 
thermal conductivity distribution used in the models are shown as tabulated in 
Table 7.4. 
The lateral dimension chosen for chambers in all models is constrained by the lateral 
surface extent of intrusive centres in the polygenetic Tampakan volcanic complex (~20 
km) and the dimensions of the Jijal Complex in Pakistan (> 34 km; Miller et al. 1991 ). 
The latter represents an exhumed Moho-level chamber beneath the Kohistan Arc in 
Pakistan. Examples of the horizontal dimensions of other lower-crustal layered 
intrusions, that represent sub-arc magma chambers, include the mafic, syn-orogenic 
(Caledonian) Fongen-Hyllingen intrusion southeast of Trondheim, Norway, which 
crystallised at 5-6 kbars pressure and is 41 km in length (Wilson and Larsen, 1985). The 
Guadalupe Igneous Complex is a late Jurassic mesozonal pluton in the Sierra Nevada, 
California, and is a coherent fractionated package of a basaltic parent whose surface 
outcrop dimensions are ~20 km wide (Best, 1963). The middle Tertiary La Perouse 
gabbro intrusion, Fairweather Range, southeast Alaska, is 27 km long by 12 km wide 
with a layered cumulate sequence approximately 6 km thick (Loney et al. 1983; 
Himmelberg et al. 1987). 
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Table 7.4: Parameters of Simple Magma Chamber Cooling Models 
Model A ModelB ModelC ModelD-1 
Lower Crust Lower Lower Lower Crust Crust Crust 
Chamber Horizontal Horizontal Horizontal Horizontal Sheet Sheet Sheet Sheet 
Shape Flattened Flattened Flattened Flattened Cylinder Cylinder Cylinder Cylinder 
Diameter 15 km 30km 30km 30km 
Thickness 2km 4km 2km 1 km 
Depth 28-30 km 18-22 km 19-21 km 19-20km 
Volume 353 kmj 2827 kmj 1414 kmj 707 kmj 
Mag-ma 
Temperature 1200°C 1200°C 1200°C 1200°C 
Type Mafic Mafic Mafic Mafic 
Conductivity 2.10 W/m-K 2.10 W/m-K 2.10 W/m-K 2.lOW/m-K 
Model Mesh 
Dimension lkmxlkm lkmxlkm lkmxlkm lkmxlkm 
Total Width lOOkm lOOkm IOOkm lOOkm 
Total Depth 42km 42km 42km 42km 
Geothermal 25°C I km 25°C /km 25°CI km 25°C/km Gradient 
Crustal Thermal Depth Conductivit Density Layers y 
XandY 
Layer 1 0- 1 km 2.58 W/m-K 2500 kglmj 
Layer 2 1 - 16 km 2.58 W/m-K 2750 kglmj 
Laver 3 16-42km 2.39 W/m-K 2950 kw'mJ 
7.5.2 Results 
ModelD-2 
Lower 
Crust 
Horizontal 
Sheet 
Flattened 
Cylinder 
30km 
1 km 
19-20 km 
707 kmj 
1200°C 
Mafic 
2.10 W/m-K 
lkmxlkm 
lOOkm 
42km 
30°C /km 
ModelE 
Upper 
Crust 
Sub-
volcanic 
chamber 
Rectangular 
Prism 
Width- 5 
km 
4km 
5-9km 
100 kmj 
l000°c 
Mafic 
2.10 W/m-K 
lkmxlkm 
lOOkm 
42km 
25°C I km 
The results of the initial single-stage cooling models are presented in Figures 7 .8 and 
7.9. The minimum temperature plotted is the temperature of crystallised solids or melts. 
All models assume closed system conditions, with no melt removal or addition from the 
conductively cooling chambers. 
Model E is the only model of a conductively cooling shallow sub-volcanic chamber in 
the upper crust. The chamber, with a width of 5 km and an emplacement depth of 5 km 
to 9 km depth (Model E), cools by conduction below the wet solidus (-700°C at 2 kbars) 
within -130,000 years of emplacement. This 1s a mimmum rate of cooling because 
groundwater convection is not modelled. In Model A, a 2 km thick sill of 15 km 
diameter, emplaced at 28-30 km depth at the base of an island arc crustal section 30 km 
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in thickness, fails to cool below the solidus within 8 million years when the chamber is a 
closed system and is surrounded by a conductively cooling lower crust with an initial 
geothermal gradient of 25°C. This is primarily because the ambient temperature on the 
geotherm is above the wet solidus temperature. 
Three additional models were run for magma chambers at higher levels within the 
lower crust, and with a conservative initial geothermal gradient of 25°C. The 30 x 30 x 4 
km thick sill emplaced at 18-22 km depth (Model B) cools extremely slowly due to the 
greater capacity of the thicker sill to conductively heat the adjacent wall rocks. The 
residual fractionated melts of a 4 km thick sill remain above the wet solidus ( ~63 0°C at 6 
kbars) for 7.25 million years. The 30 x 30 x 2 km thick sill emplaced at 19-21 km (Model 
C) requires approximately 1.8 million years to conductively cool completely below the 
wet solidus. The 30 x 30 x 1 km thick sill that is emplaced at 19-20 km depth (Model D-
1) cools by conduction down to the wet solidus (~630°C at 6 kbars) by 0.4 Ma. 
The most plausible range of thickness for sills in the lower crust is < 0.5 to 1.5 km. For 
example, an andesitic or dacitic melt column that is 1 km thick requires ~3 Mpa and 
~ 7 Mpa of horizontal tectonic stress to enable entrapment, respectively (Figure 7.4 ). This 
magnitude of tectonic stress is commonly attained in many compressive stress regimes. 
Andesitic and dacitic melt columns thicker than 3 km require excessive compressive 
stresses (> ~10 Mpa and> ~19 Mpa; Figure 7.4) for entrapment in the lower crust and 
are unfeasible. In the previous models, the initial geothermal gradient of 25°C represents 
a lower bound on arc geotherms, and an average arc geotherm based on the compilation 
of xenolith studies in Figure 7.6 is ~30°C. Consequently a final model (D-2) was run to 
determine the cooling rate of a 30 x 30 x 1 km sill emplaced at 19-20 km depth and an 
initial geothermal gradient of 30°C. Under this more realistic geothermal gradient, a 1 
km thick sill would retain residual melt for 2.25 Myr before it cooled completely below 
the solidus. This sill would only need to be recharged once every ~2Myr years to enable 
chemical continuity of the most incompatible and/or volatile melt components into any 
subsequent differentiation cycle. 
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Figure 7 .8 Conductive cooling curves for magma chambers in the lower and upper crust 
derived from thermal models A, B, C, D-1, D-2 and E listed in Table 7.4. The 
curves represent the variation in maximum temperature of each chamber over time 
for the 6 models. The upper crustal chamber (Model E) completely solidifies by 
conductive cooling within -130 Kyr. The curve which best models a magma 
chamber that is trapped in the lower crust of a collisional arc is that of Model D-2. 
Residual melts within a 30 x 30 x 1 km sill that cools conductively below the brittle-
ductile transition at 19-20 km depth (equivalent to the depth of entrapment of the 
lower crustal chamber that is parental to the Tampakan suite), with an initial 
average-arc-geotherrn of 30°C/km, can maintain residual liquids above the solidus 
for 2.25 Myr before solidification. 
Figure 7 .9 illustrates the evolving geotherm through the centre of models C and E as 
the lower crustal 2 km thick sill and an upper crustal chamber cool. These preliminary 
models reveal that deep-seated magma chambers emplaced into the lower crust, and 
which are not recharged, can "thermally" survive on time-scales of 0.4 Myr to over 8 
Myr for chamber thicknesses of 1 to 4 km and emplacement depths of 18 - 30 km. 
Furthermore, the geothermal gradient of 25°C per km that was used in these models 
yields an initial wall rock temperature of 500°C at 20 km depth. This ambient 
temperature lies at the lower limit of the range in temperatures at 20 km depth that was 
identified in the compilation of arc geotherms in Figure 7.6. Thus most of these modelled 
cooling rates probably represent maximum rates. 
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Figure 7 .9 Vertical thermal profiles through Models C and E during conductive cooling of 
single-stage, closed system magma chambers in the lower crust (Model C) and 
upper crust (Model E). The wet solidus at 6 kbars (-630°C) and 2 kbars (-700°C) 
are plotted on the two model diagrams. 
7.6 HEAT FLOW MODELLING OF MULTIPLE CHAMBERS WITH 
RECHARGE 
In the second set of four detailed models, two-tiered (upper and lower crustal) magma 
chamber models were parameterised, and variable volumes of recharge were modelled 
for a 2 km thick lower-crustal melt reservoir. These models included cyclic recharge of 
both lower- and upper-crustal chambers at intervals which mimic those inferred from 
trends in detrital zircon chemistry (Chapter 5, Figure 5.8), and with the temperature of 
magma input into the high-level sub-volcanic chamber being controlled by the evolving 
modelled thermal state of the deep lower-crustal chamber. The four detailed thermal 
models of the combined upper- and lower-crustal magma chambers in the Tampakan 
district were each designed to mimic a long-lived, lower-crustal parental reservoir and 
three sequentially developed, transient sub-volcanic chambers that developed above it. 
These models more accurately portray the twin-chamber geometry of the Tampakan 
magmatic system, and utilise temporal constraints on recharge episodes from the mantle 
that are provided by the evolution of detrital zircon chemistry and magmatic water 
contents. This modelling exercise provides mass balance constraints for magma flux 
through the lower-crustal reservoir that are consistent with thermal requirements based 
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on the temperature of Cycle 4b melts that erupted directly from the lower-crustal 
chamber in the Pleistocene, and with magma productivity rates of arcs. 
7 .6.1 Model Parameters 
The thermal conductivity and density parameters used in the models are listed in 
Figure 7 .11 together with the layered crustal profile of the model. The models cover a 
section 100 km wide by 40 km deep, and comprise of a square mesh of 1 km by 1 km 
cells. The lower chamber was assigned a thickness of 2 km and a horizontal dimension 
of 21 km, which just spans the distribution of intrusive and extrusive centres within the 
Tampakan district. For a 3-D flat cylinder, these dimensions yield a chamber volume of 
693 km3. It is emplaced at 19-21 km depth within the lower crust (Layer 6, Figure 7.11), 
consistent with Al-in-hornblende geobarometry constraints (Chapter 6). The upper-
crustal sub-volcanic chamber is modelled as a 5 km wide by 4 km deep surface that 
yields a volume in 3-D of 100 km3. For models 1-3 in which the lower chamber was 
multiply-recharged at 25%, 50% and 100% of its starting volume, respectively, the 
shallow sub-volcanic chamber was established at 5-9 km depth, and an initial geothermal 
gradient of 25°C per kilometre was used. In model 4, the rate and volume of recharge is 
the same as model 3, however the shallow sub-volcanic chamber is emplaced deeper in 
the upper crust at 8-12 km depth, and the initial geothermal gradient was raised to 30°C 
per kilometre. This geothermal gradient is close to the average of the range identified in 
Figure 7.6. 
In all models, cooling of the magma chambers is modelled by conductive heat flow, 
and not by groundwater convective cooling. Modelling of the deep lower-crustal 
chamber by conductive cooling is appropriate because, at 19-21 km depth, a geothermal 
gradient of 25°C and 30°C per kilometre yields pre-intrusion wall-rock temperatures of 
500°C and 600°C respectively. These temperatures reflect a ductile lower crust below the 
brittle-ductile transition. Furthermore, in all of the models, heat transfer from the lower-
crustal chamber to the roof sequence deflects the brittle-ductile transition to shallower 
crustal levels. Consequently the deep chamber is surrounded by impermeable rocks of 
the lower-crust. Conductive heat flow modelling for the shallow chamber in the upper 
crust place a minimum bound on its cooling rate. 
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Figure 7.10 Frequency, timing and volume of magmatic recharge into a lower crustal chamber 
used in thermal models 1, 2, 3 and 4 of the Tampakan district. In all four models, the lower-
crustal reservoir was initiated at 7.2 Ma, nearly coincident with the onset of compression within 
the district (Figure 2.16). In the four models, the deep chamber establishment and subsequent 
recharge events occurred in clusters at 7.2 Ma, 7.1 Ma, 7.0 Ma and 6.9 Ma, at 5.9 Ma, 5.8 Ma 
and 5.7 Ma, and at 4.0 Ma and 3.9 Ma. These model recharge events in the lower chamber were 
selected to coincide with the transition from highly evolved melts to less evolved melts as 
determined by incompatible-on-compatible element ratios in detrital zircons (Figure 5.8). The 
latter provide the highest resolution of the differentiation cycles in the Tampakan district (grey 
band= U(ppm) /Ti(ppm) in detrital zircons). In the model 1, the lower chamber was replenished at 
25% of its starting volume during each of the recharge events. In model (2), the lower chamber 
was replenished at 50% of its starting volume, while in models 3 and 4, 100% of the chamber 
was replenished at each recharge event. 
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Figure 7.11 Model profile used for the detailed cooling models 1-3. In model 4, the shallow 
sub-volcanic chamber is lowered to 8-12 km depth and a geothermal gradient of 30°C/km is 
adopted for this model. Cells that define the two magma chambers, and their magmatic conduits, 
are filled in stages in different increments of the model runs as discussed below. The layer-cake 
thermal conductivity and density profile used in the models are tabulated. 
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Appendix D2 lists the time steps used in the four detailed thermal models, the timing of 
recharge events and volumes, the temperature and bulk composition of magma recharge 
and the maximum and minimum temperature in the upper and lower chambers at each 
step of the models. The deep chamber in the thermal models was replenished at the 
commencement of each of the magmatic Cycles 2, 3 and 4a as defined by declines in 
incompatible-on-compatible-element ratios recorded in the detrital zircon trace-element 
data (Figure 5.8 and Figure 7.10) that reflect more primitive compositions. During each 
replenishment episode in the deep chamber, some existing magma was ejected up into a 
sub-volcanic chamber. The commencement of the 3 major recharge episodes in the deep 
chamber coincides with the onset of each of the 3 stratovolcano-building episodes 
defined by Cycles 2a-2b, 3 and 4a). 
The principal difference between Models 1, 2 and 3 is the volume of recharge into the 
deep reservoir during each replenishment episode. In each of the models, during the first 
increment at time 0T7.2, where 0 = start of model [Ma] and 7.2 = true age [Ma]), the 
profile in Figure 7 .11 is used with an initially undisturbed geothermal gradient and an 
absence of magma in the crustal section. The 7.2-6.9 Ma recharge period in each model 
(at the start of magmatic Cycle 2a-2b) comprises of 4 recharge events spaced at 100,000 
years. The 5.9-5.7 Ma recharge period in each model (at the start of magmatic Cycle 3) 
comprises of 3 recharge events spaced at 100,000 years. For the final recharge period in 
the models at 4.0-3.9 Ma (start of magmatic Cycle 4a) 2 separate recharge events at 
100,000 year spacing are used (Figure 7.10). The chambers were recharged at 100 Kyr 
intervals in each series of recharge episodes to mimic a protracted recharge interval 
rather than a single recharge event. Between each of the clusters of recharge events, the 
chambers are set to cool, undisturbed by additional melt input, at consecutive 100,000-
year increments. The patterns defined in the detrital zircon data (Figures 7.10 and 5.8) 
suggest that the recharge events from the underlying mantle become progressively less 
frequent with time. The first, second and third cooling cycles, that coincide with 
magmatic Cycles 2a-2b, 3 and 4a-4b, occupy periods of 1.1 Myr, 1.7 Myr and 2.9 Myr 
respectively. The pattern of decreasing recharge frequency from the mantle is consistent 
with slowing of subduction during the collision event in southern Mindanao during this 
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period. The final recharge event at ~0.6-0.4 Ma, prior to the recent Mt Matutum Andesite 
sequence, is not modelled here. 
The temperature of the melt injected into the lower chamber was kept at 1200°C for all 
recharge events to approximate the temperature of primitive mantle-derived melts in 
island arcs. The temperature of the first increment of melt emplaced into the upper 
chamber was set at 1000°C. During ejection of melt from the lower chamber to the upper 
chamber in subsequent replenishments, the temperature of the ejected melt which was 
transferred to the sub-volcanic chamber was set to equal the mean of the maximum and 
minimum temperature in the deep chamber immediately prior to commencement of its 
recharge. This assumes that the melt which recharges the lower chamber displaces a 
batch of melt whose bulk temperature is close to the mean temperature of the solidified 
and liquid parts of the deep chamber. This scenario implies that residual melts in the 
deep chamber became somewhat homogenised during recharge in the deep chamber, and 
during subsequent ejection and ascent to the upper-crustal chamber. Thus the 
temperature of melt emplaced into the shallow chamber varied in each of the 
replenishment cycles, being governed by the thermal state of the deep magma reservoir 
at each step of the model. The shallow chamber was completely filled at each recharge in 
all 3 models to compensate for magma eruption during construction of the 3 principal 
stratocones during the late Miocene (Cycle 2a-2b), late Miocene to early Pliocene (Cycle 
3) and middle Pliocene (Cycle 4a). All models were run for 98 time steps. After each 
time step, the mesh was manually modified to control magma replenishment, ascent and 
temperature at the relevant steps as defined above. The maximum and minimum 
temperatures for the sub-volcanic and lower-crustal chambers were recorded and plotted 
at each increment (Figure 7.13). KWare HEAT allows the original chamber outline to be 
displayed over the colour-coded display of the thermal model (Figure 7.12; Panel 6), and 
the temperature of each of the 4000 cells can be read from the screen at each step of the 
model. Each model step is stored as a bitmap (.bmp) file that is available for computer 
animation at the end of the model. 
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Figure 7.12 (opposite). Output display of the KWare HEAT program shown in 6 of 98 panels 
from Model 4. The panel area covers 4000 km2• An initial geothermal gradient of 30°C/km is 
used. The lower-crustal chamber is modelled as 21 km diameter disk at 19 to 21 km depth (from 
Al-in hornblende geobarometry). The sub-volcanic chamber is modelled as a 5x5x4 km chamber 
between 8 and 12 km depth. Panels 1-4 show the selected steps in the first modelled recharge 
event between 7.2 and 6.6 Ma. Panel 5 at 1.3 Myr (time from start of model), i.e. at 5.9 Ma, 
shows the thermal structure of the crust at the end of magmatic Cycle 2. The lowermost panel at 
3 .4 Myr (time from start of model), i.e. at 3.8 Ma, shows the modelled thermal structure of the 
crust after the recharge that established the sub-volcanic chamber to magmatic Cycle 4a. The 
position of the 400°C isotherm demarcates the approximate position of the brittle-ductile 
boundary, below which cooling of both the upper and lower crustal chambers (shown by the grid 
squares) is by conductive heat loss. 
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The results of the four detailed conductive cooling models are listed in D2 and are 
plotted in Figures 7.13 and 7.14. 
Modell 
In Model 1 (Figure 7 .13 a,b ), the lower chamber is initially filled to capacity during the 
first recharge, after which 25% of its initial volume is replenished in each of 8 recharge 
events (Figure 7.10). The maximum temperature of the lower crustal chamber (Figure 
7. l 3a) evolves along a series of exponentially decaying curves after completion of each 
of the three principal recharge episodes. The slope of the "thermal decay" curve 
progressively flattens in each of the sequential 1-3 Myr cooling episodes due to thermal 
heating of country rocks, which progressively decreases the temperature contrast 
between the chamber and wallrocks, and so slows the cooling rate of the deep chamber 
over time. The minimum temperature of the lower-crustal chamber, which may include 
the temperature of crystallised portions along the roof of the chamber, ranges mostly 
between 593°C and 700°C. The maximum temperature of the chamber, at 1200°C during 
the recharge events, declines to between 767°C and 658°C at the end of the major 
cooling episodes. These maximum temperatures are substantially cooler than those 
measured for the Pleistocene intrusives of magmatic Cycle 4b (765°C to 807°C; Chapter 
6), whose Al-in hornblende pressure estimates indicate eruption directly from the deep 
chamber to the surface. Thus Model 1 appears to lack sufficient time-integrated magma 
input in the lower crust to sustain temperatures in the lower crustal chamber during the 
Pleistocene. In the shallow sub-volcanic chamber (Figure 7 .13b ), the modelled rates of 
heat loss after each recharge episode show that the maximum temperature of the shallow 
chamber cools below the wet solidus (-700°C at 2 kbars) within -50 Kyr to 150 Kyr 
(Appendix D2) when recharge ceases. Furthermore much of the modelled decline in 
maximum temperature of the shallow chamber, from -800°C to 700°C, correlates with a 
dacitic to rhyolitic stage of differentiation. Rocks of these advanced stages of 
differentiation are not observed in the Cycle 2, 3 and 4a basaltic andesite to evolved 
andesite volcanic centres. The relatively cool sub-volcanic chamber temperatures in 
Model 1 are induced by either recharge that is too infrequent, or by the minor (25%) 
replenishment of the lower-crustal chamber, so that ejected aliquots of magma from the 
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Figure 7.13 a-h (Opposite and above) Maximum and minimum temperature profiles for lower 
crustal and upper crustal magma chambers in 4 detailed thermal models. Each model comprises 
of 2 stacked magma chambers; a 21 km wide by 2 km thick disk-like sill at 19-21 km depth in 
the lower crust and a 5 km wide by 4 km thick cube-like sub-volcanic chamber at 5-9 km and 8-
12 km depth in the upper crust. Each chamber was recharged during three clusters of recharge 
episodes in the late Miocene and early Pliocene, with 8 recharge events in total for each chamber. 
Details of the model parameters are discussed in §7.6.1 and §7.6.1. 
deep chamber are cooler than in Models 2 and 3 where the volume of replenishing 
(1200°C) primitive melt into the deep chamber is more substantive. 
Model2 
In Model 2 (Figure 7 .13 c,d), the lower chamber is initially filled to capacity during the 
first recharge, after which 50% of its initial volume is replenished in eight recharge 
events (Figure 7 .10). The maximum and minimum temperature of both the lower-crustal 
(Figure 7 .13c) and sub-volcanic (Figure 7 .13d) chambers, at the end of each cooling 
episode, are higher than in Model 1. This is due to greater volumes of recharge in the 
lower crustal chamber. The maximum temperature of the deep chamber during the 
Pleistocene (701°C) is still too cool relative to the measured temperatures of magmatic 
Cycle 4b intrusions (765°C to 807°C). The average temperature of the melt that is 
injected into the shallow chamber, from the deep chamber, during each recharge episode 
is higher than in Model 1. Because greater volumes of hot (1200°C) picritic melt are 
injected into the deep chamber during the first replenishment episode (7.2-6.9 Ma) 
compared to Model 1, there is greater heat transfer to the surrounding country rocks. 
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This slows the cooling rate of the deep chamber in subsequent recharge and cooling 
episodes, and inturn results in transfer of hotter melt from the deep chamber to the sub-
volcanic chamber in subsequent recharge events, relative to Model 1. The time span of 
magmatic activity associated with the Stage 4a stratocone (Chapter 4; Figure 4.20) is 
approximately 1 Myr, however in Model 2, the sub-volcanic chamber established at 4.0-
3.9 Ma rapidly cools below the wet solidus within ~150 Kyr, i.e. by ~3.75 Ma, 
inconsistent with widespread andesitic volcanism extending to ~3.0 Ma. Although Model 
2 is a closer approximation than Model 1, the shallow sub-volcanic chamber still cools 
too quickly relative to its likely lifespan of~ 1 Ma. 
Model3 
In Model 3 (Figure 7 .13 e,f), the lower chamber is initially filled to capacity during the 
first recharge, after which 100% of its initial volume is replenished in eight recharge 
events. In this model, a cumulative amount of 6234 km3 of melt is emplaced in the lower 
crust (Figure 7 .10) over the modelled period from 7.2 Ma to 1 Ma. Maximum and 
minimum temperatures within both chambers in Model 3 show a continuation of the 
trend established in Models 1 and 2, with further increase in the temperature of both 
chambers as the volume of total recharge melt increases. The maximum temperature of 
the deep lower-crustal chamber at the end of the last cooling episode (Figure 7.l 3e) is 
788°C. This temperature is broadly consistent with the measured temperature of Cycle 
4b evolved andesites and dacities that were emplaced in the upper crust of the Tampakan 
district during the Pleistocene (765°C to 807°C; Chapter 6). The vertical grey bars in 
Figures 7.13f denote the period in which residual melts within the sequential shallow 
chambers are above the wet solidus at 2 kbars pressure, and thus represent the maximum 
lifespan before surface volcanism ceases. These intervals (grey bars in Figure 7 .13f) are 
still less than the 1 Myr that is the approximate time span of volcanism in the 3 
stratovolcano-building episodes, however, trickle recharge from the deep to shallow 
chamber would prolong the longevity of the sub-volcanic chambers. 
Model4 
In models 1-3, the maximum temperature of the lower-crustal chamber remains above 
the wet solidus (630°C) for the duration of the 7.2 Ma to 1.0 Ma model period (Figure 
7.14). However, the modelled duration of the 3 sub-volcanic chambers are too brief 
0 
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relative to their inferred duration of ~ 1 Myr as defined by the spread in detrital zircon 
ages (Figure 4.20). Consequently in Model 4 the geothermal gradient is increased to 
30°C per kilometre, consistent with those defined in Figure 7.6 for many convergent 
margin localities, and the sub-volcanic chamber is placed 3 km deeper in the crust to 
facilitate slower cooling rates. 
Figures 7.12g and 7.12h reveal mmor mcreases m the maximum and m1mmum 
temperatures of the deep lower-crustal chamber and more substantive increases in the 
maximum and minimum temperature of the sub-volcanic chamber relative to Model 3. 
The duration in which the three sub-volcanic chambers remain at temperatures above the 
wet andesite solidus are longer than in Model 3, though still fall short of the ~ 1 Myr 
duration required by the detrital zircon data, and would require periodic replenishment 
during their lifetime. 
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Figure 7 .14 - Maximum chamber temperatures for the lower-crustal chamber and shallow sub-
volcanic chamber in heat flow Models 1, 2, 3 and 4. 
7.6.4 Constraints on Magma Flux in the Lower-Crustal Chamber 
Model 4 yields the most plausible thermal history of the lower-crustal chamber, as 
constrained by the calculated crystallisation temperature of Cycle 4b magmas that 
contain highly aluminous hornblende phenocrysts that were emplaced at the surface 
directly from the lower-crustal chamber. Model 4 (§7.6.3) used a constant melt recharge 
temperature of 1200°C, an initial geothermal gradient of 30°C I km, and a recharge 
frequency based on the trends in detrital zircon chemistry. In Model 4, the total volume 
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of melt that was cycled through a 2 km thick and 21 km wide lower-crustal chamber 
comprises an initial volume of 693 km3 plus an integrated recharge volume of 5544 km3 
that was spread over 8 recharge events of 100% each, and which yielded a total life-time 
volume of 6237 km3. The most plausible thickness of an entrapped andesitic to dacitic 
lower-crustal sill, based on the typical stress magnitudes of highly compressional arc 
segments, is~ 1.5 km (§7.5.2). The simple cooling model D-2 (§7.5.2) showed that a 30 
km wide by 1 km thick sill, with a volume of 707 km3, could retain residual melt above 
the wet solidus for 2.25 Myr during conducting cooling of 1200°C melt, without 
recharge. This volume of melt is broadly equivalent to the volume of a 21 km by 2 km 
thick lower-crustal chamber used in the detailed Model 4 (692 km3). Consequently, the 
recharge history that was applied to the 21 km by 2 km chamber in Model 4 could also 
be applied to a 30 km x 1 km chamber like that used in the simple model D-2. The 
thinner chamber has a more plausible thickness and a similar net magma flux (21km x 2 
km chamber, integrated melt volume= 6237 km3; 30km x lkm chamber, integrated melt 
volume= 6362 km3) during the late Miocene to present. 
If the estimate of ~6362 km3 for the time-integrated magma flux of the lower-crustal 
reservoir is valid, then it must satisfy two constraints: a) it must be equivalent to or less 
than typical magma productivity in the mantle below volcanic arcs; b) it must be equal to 
or greater than the volume of parental magma that differentiated to produce the evolved 
magmatic products that have erupted at the surface within the district. 
If a 30 km diameter, pancake-shaped lower-crustal reservoir captured all the melt that 
ascended from the underlying mantle during its lifespan, then the total magma flux 
through the deep reservoir should not exceed typical arc magma productivity rates. An 
average arc- magma-flux per volcanic centre can be estimated from the data presented in 
Wadge (1982) for lifetime output rates of magma in primitive basaltic volcanoes. The 
average rate of melt erupted at individual, primitive basaltic volcanic centres in arcs is 
0.236 km3 per hundred years per volcanic centre (based on 11 basaltic volcanoes: 
Oshima; Sakurajima; Akan; Shikotsu; Asama; Fuji; Aso; Kirishima; Fuego; Santa Maria; 
and Avachinsky). This equates to 16,545 km3 per 7 Myr. This is a minimum estimate of 
magma flux from the mantle beneath an individual volcanic centre, because the erupted 
products have undergone some differentiation within the crust. This estimate assumes a 
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weighted subduction rate that is similar to that beneath the volcanic centres in Japan, 
Guatemala and Kamchatka. The thermal requirement for a reservoir lifetime flux of 
~6,362 km3 of melt (at 1200°C), through a 30 km wide by 1 km thick lower-crustal 
reservoir, is within the constraints of the mantle- magma-productivity rates estimated 
above. If the lower-crustal reservoir captured nearly all of the melt that was ascending 
from the underlying mantle, then a relatively low mantle-magma-productivity rate is 
predicted for the past 7 Myr. This low rate would be consistent with the slowing and 
eventual cessation of subduction at the Sangihe subduction zone that accompanied the 
Pliocene collision in Mindanao, when hydrous fluxing of the mantle wedge must have 
declined over time. 
An additional constraint on the minimum melt volume that must cycle through the 
lower-crustal reservoir is provided by the volume of evolved melt erupted at the surface 
within the Tampakan polygenetic volcanic centre since the late Miocene. If a succession 
of 4 stratovolcanoes (Tampakan Cycles 2, 3, 4a and 5) of 16 km average diameter and 
2.5 km average height were formed, each with a residual 100 km3 sub-volcanic chamber 
( ~5 x 5 x 4 km), then an order of magnitude estimate of the volume of melt emplaced in 
the upper crust during this period would be 1068 km3. If the volume is increased by 20% 
to account for dispersed pyroclastic rocks and small upper-crustal intrusions, then~ 1286 
km3 of magma must be emplaced on and in the upper crust of the Tampakan district. The 
average Si02 content of rocks sampled from the Tampakan district, and which erupted 
during the past 7 Myr, is 59.8 wt.% Si02. Magmas with Si02 contents of ~60 wt.% 
represent a ~30-35% fractionated residue of mafic parental melts. Consequently the total 
volume of parental melt that evolved within the lower-crustal chamber must have been at 
least three times the volume of evolved rocks that have escaped to the surface. If the 
estimated volume of~ 1286 km3 for upper crustal magmatism in the district is trebled, 
then a broad estimate of the minimum volume of mafic parental melt (3859 km3) that 
differentiated in the deep reservoir is obtained. This requirement that at "least" 3859 km3 
of melt has cycled through the lower-crustal reservoir is consistent with the estimated 
volume (~6362 km3) that was derived from the thermal modelling, assuming a 1200°C 
parental melt in the lower crust. 
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It is recognised that the thermal model solutions and subsequent magma flux 
constraints are non-unique. The temperature of the input melt was set at 1200°C, 
consistent with temperatures of primitive picrites ascending from the lithospheric mantle, 
however temperatures of replenishing magmas may vary within some range. 
Furthermore, while a geothermal gradient of 30°C/km were used in the best constrained 
models (Model D-2 and Model 4), a geothermal gradient of 25°C/km and 35°C/km also 
lie within the range identified from the xenolith data presented in Figure 7 .6, and would 
enable a similar longevity for the deep chamber with either greater or lesser recharge 
volume, respectively. Nevertheless these models reveal that for chamber thicknesses that 
are consistent with individual cyclic units in layered lower crustal igneous complexes, 
lower-crustal chamber continuity can span multiple upper-crustal volcanic cycles. 
Furthermore, the required reservoir volume is consistent with geologically plausible 
magma flux rates from the mantle and with the volume of differentiated magma 
emplaced in the upper crust. 
7.7 MECHANISM FOR CYCLIC RAMPING OF INCOMPATIBLE 
ELEMENTS 
The discussions in the preceding sections indicate that the entrapment and ponding of 
magmas within a long-lived reservoir in the lower crust beneath the Tampakan district, 
from the latest Miocene to the present, is possible under the strain conditions and thermal 
conditions of the crust in the southern Mindanao segment of the Sangihe arc during this 
period. Fractionated calc-alkaline melts may be stored indefinitely at the Moho, or for 
extended periods of several million years at temperatures above the wet solidus under 
appropriate stress regimes. Discussed below is a mechanism whereby magmatic volatile 
components that are essential to the mineralising process in magmatic Cu-Au systems, 
such as water, chlorine and sulphur, can accumulate to metallogenetically-significant 
levels within the Tampakan district, and by corollary, in other highly compressive arc 
segments. Metallogenically barren versus metallogenically productive magmatic and 
tectonic settings are discussed. 
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Shallow Short-lived Upper Crustal Chambers in Extensional or Stress-Neutral 
Settings. 
In volcanic centres that are located m extensional, stress-neutral or only mildly 
compressional arc settings commonly associated with normal passive subduction, 
basaltic magmas have sufficient buoyancy to rapidly traverse the lower crust and be 
emplaced in sub-volcanic chambers in the upper crust. These shallow chambers undergo 
multiple depletion- and recharge-cycles on the time-scale of 10-100 Kyr. Basaltic 
magmas in shallow, single-stage, upper-crustal magma chambers achieve volatile 
saturation (e.g. H20) by insitu magmatic differentiation and residual volatile enrichment, 
rather than by pressure decrease during ascent, regardless of the initial water content of 
parental basaltic melts that are typically in the range of -0.5 to 3 wt.% H20. The depth of 
volatile saturation is the principal control on the density of exsolved magmatic fluids. 
Melts that attain volatile saturation by magmatic differentiation in shallow upper-crustal 
chambers exsolve low-density magmatic fluids due to their low confining pressure. 
These fluids have correspondingly low partition coefficients for chalcophile metals and 
chlorine because of the low density of the hydrous solvent (§6.9). e.g. If a shallow 
basaltic chamber is established at 4.1 km depth in the upper crust and a basaltic melt in it 
fractionates to a composition that is equivalent to sample DA993948, it will saturate with 
H20 and exsolve a magmatic brine at 4.1 wt.% H20 in the melt (Chapter 6, Table 6.5). In 
this shallow magmatic system where PH2o is 1094 bars at H20 saturation (using data 
from Moore et al. 1998), the corresponding partition coefficient D~i;~tMelt is -30, 
assuming that the principal complexing molecular species in solution is copper chloride 
(Figure 6.11 b ). 
Deep, Long-lived Lower Crustal Chambers in Compressional Tectonic Settings. 
In highly compressional arc settings, where terrane accretion and/or the shallow 
buoyant subduction of thickened plate fragments/ridges/plateaus produce strong 
horizontal compressive stresses in the sub-arc crust, prolonged deep entrapment of 
mantle-derived parental melts can occur in the lower crust. In these settings, dense 
mantle-derived magmas do not have sufficient buoyancy to ascend into the upper crust. 
Instead, they stall and pond in sill-like chambers. Because the minimum compressive 
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stress lies in the vertical plane, these entrapped chambers inflate along a horizontal plane 
in the ductile lower crust, and so significant volumes of melt can be added to the 
chamber with minimal increase in the melt column height and buoyancy. 
The initial water content of parental magmas that ascend from the mantle to the lower 
crust vary mostly between ~0.5 and ~3 wt.% H20. If these melts are trapped in the lower 
crust (e.g. at ~20 km depth in the Tampakan district), and undergo differentiation at high 
pressures, the evolving melts can retain water and other volatiles to higher 
concentrations in the melt than would be possible at shallow crustal levels. If the initial 
water content of primitive melts from the mantle are high (~3 wt.% H20), then a single 
differentiation cycle may allow water contents to exceed 7 wt.% H20 in the melt. 
Conversely, if the initial water content of primitive melts from the mantle is low ( ~0.5 to 
1.0 wt.% H20), then several differentiation and replenishment cycles may be required to 
enable water contents to attain concentrations of >7 wt.% H20 in silicic andesites. This is 
possible in highly compressive stress regimes in the lower crust. The results of numerical 
thermal modelling (§7.5 and §7.6) reveal that mafic melts, at 1200°C, that are trapped at 
~20 km depth in the lower crust as sheet-like reservoirs, can be kept above the wet 
solidus temperature for ~2.25 Myr in the case of a 1 km thick reservoir with no recharge, 
and for >6 Myr with small recharge volumes. These prolonged chamber lifespans allow 
trapped melt in a lower-crustal reservoir to endure through multiple stratocone 
construction cycles within the upper crust and through multiple replenishment cycles 
from the mantle. The large difference between the upper- and lower-crustal chamber 
volumes, and their different longevities, allows incompatible components (water, 
chlorine and sulphur) residual from one replenishment and differentiation cycle to be 
passed on to the replenishing magma starting the next cycle of the deep chamber. Over a 
succession of such cycles, volatiles may undergo a "sawtooth" climb in concentrations 
within the lower-crustal chamber during successive multi-million-year-scale 
replenishment and differentiation cycles. The "ramping" of incompatible elements, 
similar to the ratio patterns observed in the detrital zircon datasets, is akin to the process 
of chamber evolution described by O'Hara and Matthews (1981) for a periodically 
replenished, and periodically tapped, but continuously fractionating magma chamber. 
The inheritance and build-up of volatile components can then occur over time scales of 
~3-10 Myr, equivalent to the time-scale of compression within arcs. The principal 
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petrochemical effect that is produced by these long-lived, deeply trapped, high-alumina 
calc-alkaline magmatic systems that are multiply replenished, is an accelerated rate of 
water and chlorine accumulation relative to major-element evolution, due to inheritance 
of volatiles from prior million-year-scale cycles of differentiation, and due to buffering 
of moderately compatible major element concentrations by saturation of the melt with 
common rock forming minerals. The net result, irrespective of the initial water content of 
the parental melts, is the production of anomalously water- and chlorine-rich 
intermediate composition calc-alkaline series magmas within lower-crustal chambers in 
compressive arc segments. These hydrous melts exsolve a magmatic fluid at deeper 
crustal levels during ascent relative to shallow crustal basaltic chambers in stress neutral 
environments. The density of magmatic fluids that exsolve during ascent from the lower 
crust, and the efficiency of Cu and chloride partitioning into the exsolved aqueous phase, 
is greater than for magmatic systems that attain volatile saturation by insitu 
differentiation in the upper crust. e.g. If a melt had accumulated 7.2 wt.% H20 by 
fractionation at high pressures in the lower crust, then upon buoyant escape and ascent 
into the upper crust this melt would saturate with H20 at 10.2 km depth (Chapter 6, 
Table 6.5), significantly deeper than the 4.10 km depth of fluid exsolution for the case of 
a shallow basaltic chamber outlined above. In this deep magmatic system where PH2o is 
2723 bars at H20 saturation (using data from Moore et al. 1998), the corresponding 
partition coefficient D~:7~iMelt is ~140 (Figure 6.12; using data from Shinohara et al. 
1989; Keppler and Wyllie, 1991; Williams et al. 1995) and is nearly five times as 
efficient at extracting Cu as a simple copper chloride complex from the melt relative to a 
magmatic fluid that exsolved from the shallower and more water-poor magmatic system 
discussed above. Consequently, trapped, hydrous lower-crustal magmas are here 
interpreted to represent the parental melts to porphyry Cu ore systems that subsequently 
develop in the upper crust. 
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Chapter 8 Geology of the Tampakan Deposit: Alteration and Mineral Petrography 
CHAPTERS 
ALTERATION FACIES AND MINERAL PETROGRAPHY 
OF THE TAMPAKAN PORPHYRY - IDGH SULPHIDATION 
EPITHERMAL Cu-Au DEPOSIT 
8.1 INTRODUCTION 
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This chapter reviews the geology and mineralogy of the Tampakan deposit in advance 
of the deposit- and district-scale alteration and palaeohydrological study in Chapters 9-11. 
The spatially coupled high-sulphidation-epithermal and porphyry deposit at Tampakan 
is located on the western rim of an eroded middle Pliocene volcanic centre and is hosted 
by gently westsouthwest-dipping andesite flows and porphyritic homblende-pyroxene-
dioritic stocks/dykes of the Tampakan Andesite Sequence. At shallow levels, the deposit 
alteration and mineralisation styles accord with the "high-sulphidation" or "acid-
sulphate" class of epithermal deposits (Heald et al. 1987) and comprise an advanced-
argillic alteration assemblage, extensive hydrothermal brecciation, widespread 
silicification, acid leaching and a sulphide-sulphosalt assemblage consisting of bomite, 
enargite, digenite, chalcocite, pyrite, chalcopyrite, covellite, luzonite, tetrahedrite and 
molybdenite. The mineralisation and advanced-argillic alteration form a tabular ore and 
alteration zone that is superimposed on the intermediate-levels of a low-grade porphyry 
Cu system (Reynolds, 1997). Most of the currently defined mineral resource comprises 
high-sulphidation epithermal mineralisation. 
338 
Chapter 8 Geology of the Tampakan Deposit: Alteration and Mineral Petrography 
High-sulphidation mineralisation is strongly controlled by NNE-trending faults that lie 
along a dilational orientation within the Pliocene stress field associated with the WNW-
trending former Cotabato Fault transform plate boundary. The mineralisation occurs 
within a gently dipping stratabound zone of partial to massive silicification that displays 
multi-phase brecciation, acid leaching and vuggy porosity, and is developed within a 
district-scale advanced-argillic lithocap that exceeds 90 km2 in area. High-sulphidation 
mineralisation is associated with a silica+pyrophyllite+dickite ± alunite±diaspore±sericite 
alteration assemblage that is transitional downward to sericite-chlorite alteration that 
overprints relict potassic alteration comprising biotite-chlorite-magnetite-anhydrite. The 
latter is associated with pre-existing, weakly mineralised porphyry stockwork quartz 
veins. The high-sulphidation mineralisation comprises disseminated, vein and vug-filling 
sulphides that overprint porphyry-copper-stage quartz-stockwork veins and porphyritic 
hornblende-diorite stocks. The alteration and mineralisation exhibit both stratigraphic and 
structural controls. Mineralisation covers a lateral area of~ 1.6 km by 2.0 km and forms a 
largely stratabound, gently dipping zone between 200 and 500 metres thick. It crops out 
at ~1200 metres above sea-level in the northern portion of the deposit and extends down 
to ~600 metres above sea-level at the southern end. The deposit has been drill tested to 
400-500 metres depth. 
8.2 HOST SEQUENCE 
The host sequence for mineralisation is the Tampakan Andesite Sequence (TAS; 
§3.3.2). The TAS dips ~10-20° WSW, sub-parallel to the mineralised lithocap in the 
deposit, suggesting that the andesite flows, or a flow-parallel unconformity, exerted a 
strong stratigraphic permeability control on the distribution of mineralisation and 
alteration. Hornblende-diorite porphyry stocks intrude the TAS within the deposit. These 
vary from holocrystalline and equigranular to crowded-porphyry-textured intrusives 
(70-80% phenocrysts) that form apophysis-like dykes and stocks that intrude into the 
lower portion of the TAS (Figures 4.7 to 4.10). Although several intrusions are 
intersected in ore delineation drillholes, there are insufficient intersections to determine 
their geometry and extent. The intrusions are strongly altered and weakly mineralised. 
Dating of these intrusions (Chapter 4) yields a range of ages from pre-porphyry 
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mineralisation to post-porphyry and broadly contemporaneous with high-sulphidation 
mineralisation. No intrusions have been dated that are synchronous with the porphyry Cu 
mineralisation. Alteration of the stocks comprises a sericite-chlorite assemblage at deep 
levels of the deposit. Relics of precursor potassic alteration are preserved in the deeper 
diorite intrusions in drillholes Tmpd 8 and 57. Apophyses of homblende-diorite locally 
extend up into the advanced-argillic blanket (e.g. Tmpd 57; Figure 8.6) where they are 
tentatively identified by contorted and segmented "porphyry-melt-segregation" veins in 
TMPD 62. These veins may have formed while the intrusive bodies were sufficiently hot, 
and rheologically weak, that ongoing ductile deformation of the wall rocks produced the 
contorted "A-vein" structures (Gustafson and Hunt, 1975). 
8.3 PRINCIPAL ALTERATION ASSEMBLAGES 
The vertical and lateral distribution of hydrothermal alteration facies and textures in the 
deposit were defined by drillcore logging and analysis of infra-red reflectance spectra 
acquired using a PIMA n™ spectrometer (portable infra-red mineral analyser). The 
PIMA II™ is a recently developed portable field spectrometer that allows rapid and cost-
effective acquisition of infra-red reflectance spectra for identifying hydrous alteration 
minerals and defining spatial trends in mineral chemical compositions (Chapter 9). 
Spectra are acquired by placing a dry rock specimen (from outcrop, hand-specimen or 
drillcore) against a small aperture in the spectrometer and acquiring reflectance spectra 
over a 60 second interval. The spectra are analysed for mineral identification using an 
integrated software package. Mineral identification is by manual comparison with a 
printed spectral library or automated comparison with a digital spectral reference library. 
A total of 3979 infrared spectra were acquired from 31 drillholes along four cross-
sections and one long-section, yielding a data density of approximately one spectrum 
every three metres down hole. 
The drillhole, depth, alteration mineralogy, alteration rock-type, alteration occurrence 
style and spectral file number are listed in Appendix F3. Figure 8.1 illustrates a schematic 
vertical section through the alteration sequence, extending from 200 metres above the 
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advanced-argillic lithocap to deep levels where relics of potassic alteration of the 
underlying porphyry system are preserved. Figures 8.2 to 8.5 show the alteration zonation 
that I have defined by PIMA II TM analyses along four cross-sections through the deposit. 
The accompanying geological cross-sections (Chapter 4; Figures 4.7 to 4.10) were 
compiled after logging of the drillcores. Figures 8.6 and 8.7 show the geology and 
corresponding alteration mineralogy on a NNE-SSW-oriented long-section through the 
deposit. The alteration facies at Tampakan are vertically zoned in mineralogy and textures 
(Figure 8.1 ). Alteration styles are dominated by high-level argillic and advanced-argillic 
alteration with several sub-facies types, and are transitional downward to minor phyllic 
alteration, extensive sericite-chlorite alteration and minor relict potassic alteration 
assemblages. 
8.3.1 Potassic Alteration 
Potassic alteration related to porphyry mineralisation occurs as a relict biotite-bearing 
assemblage in the deepest drillcores (Tmpd 8: 434.40-600.05m; Tmpd 57: 373.70-500m 
and Tmpd 83: 407.00m) in the deposit (Plate 36). It comprises irregular domains of 
biotite-magnetite-anhydrite that are overprinted by widespread sericite-chlorite alteration. 
This assemblage is associated with the margins of deep-level hornblende-diorite stocks 
(Figure 8.6). Clasts of potassically-altered diorite, that contain fine-grained hydrothermal 
biotite, occur within a diatreme breccia in drillhole TMPD 67. These breccia clasts occur 
above the advanced-argillic lithocap and require vertical transport from deep within the 
mineralising system. Magnetite is pervasive within the potassic-altered zones and locally 
attains abundances up to 8 volume %. The patchy preservation of this facies and the 
pervasive overprinting by sericite-chlorite alteration indicates that the deepest drillholes, 
at 500-600 metres depth, lie at the transition between the two facies. The abundance of 
hydrothermal magnetite is consistent with the high oxidation state of the Tampakan 
magmas determined in Chapter 6. 
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Figure 8.2. Alteration mineralogy on cross-section 716270 mN (compiled from 698 PIMA II™ 
analyses along the drill holes shown). 
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Figure 8.3. Alteration mineralogy on cross-section 715790 mN (compiled from 1160 PIMA II™ 
analyses along the drill holes shown). The illite-sericite-muscovite terminology 
refers to fine-grained potassic white micas that display significant, moderate and 
minor amounts of hydropyrophyllite substitution in the white mica crystal structure 
(Chapter 9). 
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Figure 8.4. Alteration mineralogy on cross-section 715320 mN (compiled from 905 PIMA II™ 
analyses along the drill holes shown). 
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Figure 8.5. Alteration mineralogy on cross-section 714670 mN (compiled from 597 PIMA II™ 
analyses along the drill holes shown). 
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Plate 36 
Relict clots of potassic alteration from drillhole Tmpd 8 defined by a 
biotite-magnetite-chlorite-anhydrite assemblage (dark areas) with over-
printing sericite-chlorite alteration. 
Phyllic altered andesite defined by a sericite-quartz-pyrite assemblage. 
Porphyry-stage quartz stockwork veins are bleached by increasing ly 
acid conditions at shallow levels above the SC-alteration zone. 
Sericite-chlorite (SC) alteration facies which is widely developed 
below the base of the advanced argillic lithocap. Pink coloured por-
phyry quartz stockwork veins are widespread and are overprinted by 
high-sulphidation-related dickite veins (bottom RHS) 
Plate 39 
Intermediate argill ic altered porphyritic pyroxene-hornblende andesite 
host rock with extensive illite alteration of plagioclase phenocrysts, 
chlorite-altered hornblende phenocrysts and illite-chlorite altered 
aphanitic groundmass. 
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8.3.2 Propylitic Alteration 
Propylitic alteration is locally preserved at high stratigraphic levels around the 
periphery of the ore-body and is widespread in the surrounding district. Local patches of 
chlorite-bearing alteration in the deposit invariably contain significant associated sericite. 
These chlorite occurrences are part of a stable sericite-chlorite assemblage that exists 
between the potassic facies and the outer propylitic facies. 
8.3.3 Sericite-Chlorite (SC) Alteration 
Sillitoe and Gappe (1984) coined the facies label "sericite-clay-chlorite" (SCC) to 
describe a distinctive alteration facies most commonly observed in porphyry Cu systems 
of the Philippines. A similar alteration facies at Tampakan is here termed the sericite-
chlorite alteration facies (SC). It is the most widespread facies in the deep portions of the 
high-sulphidation deposit and is spatially associated with extensive, porphyry-stage, 
multi-directional stockwork quartz veins (Plate 37). Feldspar phenocrysts are replaced by 
translucent yellow-green sericite with preservation of the original porphyritic rock 
texture. Sericite is invariably fine grained ( < 50 µm), and both pyrite and silica are 
abundant. 
The SCC alteration assemblage of Sillitoe and Gappe (1984) in porphyry systems of the 
Philippines, is interpreted by Corbett and Leach ( 1994) as an argillic alteration overprint 
on pre-existing phyllic alteration, whereas Cooke (1994) suggests that it represents an 
early phase of magmatic-hydrothermal sericite-chlorite alteration that is overprinted by 
later argillic (kaolinite or illite) alteration. Activity-activity diagrams for stabilities of 
silicate minerals at 350°C and 500 bars pressure at quartz saturation (Beane and Tidey, 
1981) indicate that chlorite and sericite can occur as an equilibrium assemblage, and are 
most likely to develop in diorite-related porphyry deposits where the lower K and higher 
Mg whole-rock compositions of relatively primitive, mafic island arc rocks favour biotite-
chlorite and chlorite-sericite. In contrast, the granitoid-associated porphyry Cu systems 
associated with K-rich continental sialic crust are characterised by a K-feldspar-
muscovite equilibrium assemblage. The sericite-chlorite facies is considered here to be a 
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bona fide facies, and not related to late overprinting of one alteration style on another. 
The SC-assemblage contains significant hematite as primary quartz-chalcopyrite-
specular hematite veins and as chalcopyrite-hematite ± pyrite disseminations. Precursor 
magmatic and hydrothermal magnetite is locally altered to hematite within this facies. 
These hematite occurrences may reflect more oxidised conditions in alteration 
assemblages at higher-levels above the potassic alteration facies. 
8.3.4 Phyllic Alteration 
The phyllic alteration zone is transitional upward from the sericite-chlorite zone and in 
tum is gradational to the overlying advanced-argillic alteration. The assemblage 
comprises sericite-quartz-pyrite (Plate 38) and is equivalent to the "sericitic alteration" 
described by Meyer and Hemley (1967). Phyllic alteration is represented by the vertical-
hatch pattern in Figures 8.2 to 8.5 and 8.7. The transition from the advanced-argillic 
facies downward to the phyllic and sericite-chlorite facies is characterised by the 
appearance at depth of porphyry-related quartz-stockwork veins and widespread, late-
stage fibrous gypsum veins. The porphyry quartz-stockwork veins in the phyllic 
alteration zone have a grey bleached appearance, in contrast to the pink-coloured 
porphyry-stage quartz veins in the sericite-chlorite alteration zone. The former have been 
bleached by the acidic fluids associated with the later high-sulphidation alteration event 
which postdates porphyry mineralisation by ~ 1 Myr. The upper limit of gypsum veining 
forms a sharp contact with the overlying advanced-argillic facies and is interpreted as a 
sulphate saturation front caused by late-stage downward supergene remobilisation of 
sulphate during thermal collapse of the hydrothermal system. 
8.3.5 Intermediate Argillic Alteration 
Intermediate-argillic alteration comprises an illite+chlorite±smectite assemblage that 
occurs in the TAS above the advanced-argillic lithocap. It is characterised by 
chloritisation of primary hornblende and illite alteration of feldspar phenocrysts (Plate 
39). The fine-grained groundmass is altered to a chlorite-illite assemblage that is locally 
silicified adjacent to the underlying advanced-argillic alteration zone. It is over-printed 
by narrow, vertical zones of advanced-argillic and argillic alteration along cross-cutting 
fractures and along high-level hydrothermal breccia pebble dykes which locally extend 
Plate 40 
Phenocrystic silica-"clay" textures developed within the central por-
tions of the advanced-argillic lithocap. Faint ghosted porphyry-stage 
stockwork veins are visible despite the severe silicification. Incipient 
acid-leaching of clay-altered plagioclase phenocrysts has generated 
some in itial vuggy textures. 
Plate 42 • A 2222£&2& 2 
Phenocrystic vuggy silica textures developed within a breccia clast 
within a clast-supported hydrothermal breccia. Vugs are generated by 
acid-leaching of a phenocrystic silica-"clay" precursor. 
Plate 41 
Clotted "silica-clay" textures developed within the central portions of 
the advanced argillic lithocap. Local porphyry-stage laminated quartz 
veins are variably preserved. Clay clots comprise pyrophyllite-dickite-
diaspore and locally illite. Disseminated enargite-bornite-digenite 
mineralisation is common within the clay clots. 
Plate 43 
~ 
~ 
• 
Coarsely clotted vuggy silica textures are usually developed immediate-
ly above precursor zones of clotted "silica-clay". Vugs were generated 
by intense acid-leaching of "clay"-clots and veins in the central-upper 
portions of the lithocap. Vugs are commonly lined with drusy silica and 
high-sulphidation mineralisation (enargite-digenite-bornite-pyrite). 
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above the advanced-argillic lithocap. Textural relics of pnmary phenocrysts are 
preserved by this alteration style. 
8.3.6 Advanced-Argillic Alteration 
The zone of advanced-argillic alteration at Tampakan (black and grey shading plus 
cross-hachured areas in Figures 8.2 to 8.5 and 8.7) forms an extensive blanket between 
50 and 400 metres thick that extends out into the surrounding district. It is overlain by a 
zone of intermediate-argillic alteration that extends to the current topographic surface, 
and is underlain by phyllic and SC-altered andesites. The advanced-argillic blanket 
locally pinches downward into a V -shape along major identified structures that transect 
the deposit (Figures 8.2 and 8.3: 505400 mE). The advanced-argillic mineralogy is 
dominated by silica, pyrophyllite and dickite. Diaspore and alunite occur in significantly 
lesser quantities. Use of the defacto term "clay" in the advanced argillic zone (Figures 
8.1 and 8.8) refers to a combination of several of the aluminosilicate and sulphate 
minerals listed above. There are several discrete textural sub-types that comprise the 
zone of advanced-argillic alteration, and these are discussed below in the order of their 
paragenetic sequence. Figure 8.8 presents a generalised depth-oriented flow-chart of the 
genetic relationship between the textural assemblages discussed below. 
"Clay-Silica" Sub-Facies 
Clay-silica alteration is a sub-facies of the advanced-argillic assemblage wherein 
"clays" (50-90 volume%) are more abundant than silica (10-50 volume%). Clay-silica-
altered rocks are developed near the base of the advanced-argillic blanket (Figures 4. 7 to 
4.10), and lie beneath or are intercalated with the lower portions of stratabound silica-
clay horizons (Figures 8.1 and 8.8). Clays are dominated by pyrophyllite, dickite and 
lesser diaspore, however significant illite and sericite are present. Clay-silica alteration is 
texturally destructive, with chaotic, pervasive fine-grained clays associated with 
interstitial granoblastic silica and coarse silica aggregates. Further silicification of this 
sub-facies produces an equally chaotic silica-clay alteration texture (Figure 8.8). 
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"Silica-Clay" Sub-Facies 
Silica-clay alteration is an advanced-argillic sub-facies in which the abundance of silica 
(50-90 volume %) is greater than clay (10-50 volume %). Silica-clay-altered rocks are 
developed within one or more horizons that underlie and encapsulate pods of massive 
silica alteration (Figures 8.1, 4.7 to 4.10, and 8.6). This silica-rich sub-facies overlies the 
"clay-rich" basal portions of the lithocap. There are three textural forms of silica-clay 
(Figure 8.8). "Massive silica-clay" is characterised by an irregular and chaotic 
assemblage of aluminosilicates and sulphates ( dickite, pyrophyllite, diapsore, al unite ± 
illite ± sericite) and silica. Phenocryst textures are obscured by this alteration style. The 
second textural variety is ''porphyritic silica-clay" (Plate 40) whereby the original 
porphyritic texture is preserved. Alteration entails preferential silicification of an 
aphanitic groundmass and clay alteration of feldspar phenocrysts. Intense acid leaching 
of this sub-facies produces "phenocrystic vuggy silica" described below (Plate 42). The 
third variant is "clotted silica-clay" (Plate 41) which is characterised by coarse clay clots 
(0.2-2cm) within a groundmass of massive silica or silica-clay aggregate. In most cases, 
the clay clots have slightly diffuse and irregular contacts with the surrounding silica and 
commenced as clay-altered feldspar phenocrysts that expanded outward by silica 
dissolution in the surrounding wall rock. Acid leaching of this facies produced the 
clotted vuggy silica textural facies described below. Locally the clay clots have sharp 
contacts with the silica wall rocks, and reflect subsequent clay infill of leached clay clots. 
"Silicic" Sub-Facies 
Vuggy Silica 
Vuggy silica is a textural variety of silicic alteration generated by intense acid leaching 
of aluminosilicates. There are two textural variants of vuggy silica that rarely exceed ten 
metres in thickness. "Phenocrystic vuggy silica" (Plate 42) comprises disseminations of 
0.5-2 mm tabular vugs formed by acid leaching of clay-altered (illite, sericite, 
pyrophyllite, dickite, diaspore) feldspar phenocrysts within porphyritic andesite. This 
facies ranges from mildly vuggy silica (2-10% vugs) through to a friable "honeycomb" 
vuggy silica texture (15-40% vugs), depending on the primary phenocryst concentration. 
The 3-dimensional geometry of the vuggy silica bodies is poorly constrained, however 
Plate 44 
Clast-supported, heterolithic hydrothermal breccia commonly 
developed as 0.2-10 metre wide hydrothermal breccia dykes and 
bodies throughout the deposit within the central to upper levels of 
the lithocap. 
Plate 47 
Massive, near homogeneous hydrothermal and residual silica with 
silicified fractures and veins. 
-+ 
+-
Plate 45 
Clast-in-clast textures revealing three successive generations of 
clast-supported hydrothermal breccia (Bx= Braccia, T=tuffisite). 
Plate 46 • 
Strongly silicified hydrothermal breccia with vague, ghosted clast 
outlines blurred by silicification and attendant acid vuggy leaching 
of feldspar phenocrysts and "clay" veins. 
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within the main silica-rich blanket they are likely to represent areas of maximum acidity, 
caused by prolonged condensation of magmatic volatiles into meteoric groundwater near 
fracture conduits, or zones of enhanced stratigraphic permeability. In many areas the 
vuggy porosity is also developed by acid leaching of clay veins and fractures (Plate 43). 
The second variant of vuggy silica, "clotted vuggy silica" (Plate 43), is defined by 
coarse (0.5-2cm diameter), irregular, ovoid-shaped voids that occur in a silicified matrix. 
In extreme cases these voids are interlinked to form a 3-dimensional network of coarse, 
acid-leached, vuggy cells and interconnected vuggy fractures. This texture is usually 
developed in close association with clotted silica-clay textured rocks (see above) that are 
the immediate alteration textural precursor, in which coarse clay-altered clots are 
progressively leached by interaction with acidic fluids. These clotted vuggy silica 
textures are developed near the interface between overlying massive silica and 
underlying silica-clay rocks (Figures 8.1 and 8.8). In both phenocrystic and clotted 
vuggy silica, vugs are lined by fine drusy silica that indicates silica deposition continued 
after acid leaching. The subsequent paragenesis of the vug-fill sequences are complex 
and variable, with vugs either remaining open, or with porosity being partly to 
completely occluded by various combinations of aluminosilicates/sulphates ( dickite, 
pyrophyllite, diaspore, alunite) and/or sulphides (enargite, bomite, molybdenite, pyrite, 
digenite, covellite). In many vugs there is subsequent leaching of early stages of vug-
filling clays. The high variability in individual vug parageneses occurs both at tens of 
metres and centimetre scales. This indicates that fluid-flow within the silicic alteration 
facies is strongly fracture controlled, with different vugs being connected to the though-
going fluid flux at different times, dependent on the vagaries of fracture propagation, 
thus allowing variable ingress of hydrothermal fluids with evolving physiochemical 
characteristics. Fracture-controlled fluid flow is further corroborated by samples where 
vugs and cross-cutting fractures display identical paragenetic fill sequences. 
Massive Silica 
Massive silica bodies(> 90% Si02; Plates 42, 43, 45, 46 and 47) are abundant at high-
levels in the advanced-argillic alteration zone and comprise several textural varieties. 
The silica has two components, the first is recrystallised residual silica left by acid 
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leaching of aluminium and alkalis from the andesite lavas, and the second is silica 
deposited from silica-saturated hydrothermal fluids. Textural varieties include 
macroscopically homogeneous massive silica (Plate 4 7) and silicified hydrothermal 
(Plate 45 and 46) and autoclastic (?) breccias. All stages of preservation of precursor 
breccia textures are present (Plates 44 to 4 7), with the macroscopically homogeneous 
silica textures produced by repeated silicification events that have blurred clast-matrix 
contacts (Plate 4 7). Both textural varieties are locally affected by late-stage acid 
leaching, vug generation, and thin silica network veins formed by on going fracturing 
and silica deposition. 
8.3. 7 Alteration Summary 
The Si02 contents of basaltic andesites to andesites are typically 52-63 wt.% Si02. 
Thus rocks in which quartz is present at greater than 50 volume % and that are associated 
with a pyrophyllite-dickite-illite assemblage will have total wt.% Si02 contents 
significantly greater 60 wt.%. Thus the "silica-clay" assemblage in Figures 4.7 to 4.10 
(Chapter 4) is characterised by significant silica enrichment of the original rock by either 
alkali- plus aluminium-oxide leaching and consequent enrichment of residual silica, 
and/or by silica deposition. Horizons of silica enrichment are thus likely to represent 
zones of enhanced acidity, wherein condensation of magmatic gases into meteoric 
ground water, and hydrolysis of S02 to form H2S04, causes residual silica enrichment 
through acid leaching. This inturn may enhance secondary permeability and facilitate 
fluid mixing that can cause silica supersaturation. The zones of most intense silicification 
may represent horizons of high primary permeability, with early acidification of meteoric 
water within these horizons allowing secondary permeability to be generated via vuggy 
leaching and hydrothermal brecciation. In long-section the silica-clay and encapsulated 
massive silica bodies (Figure 8.6) are distributed along two gently dipping, and vertically 
stacked, horizons that closely match the distribution of the most acidic alteration 
assemblages which comprise pyrophyllite+dickite ± diapsore ± alunite (Figure 8.7). 
These two horizons merge into a single, ~370 metre thick, horizon of silica-clay near the 
centre of the deposit (Figure 8.7) and resolve into two 50 to 120 metre thick lenses which 
taper to the north and south. In the northern-most and southern-most cross-sections 
(Figures 4. 7 and 4.10) where the advanced-argillic alteration is less intense, the silica-
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clay occurrences define several vertically stacked but relatively thin (10-80 metre thick) 
lenses. This corroborates interpretations that the silica-clay and silicic facies of the 
advanced-argillic blanket were initiated along discrete, gently dipping horizons of 
enhanced permeability that allowed early condensation of magmatic vapours. Increased 
focusing and greater magmatic volatile flux in the centre of the deposit caused the 
stacked stratabound horizons of silicification to expand and merge into an exceptionally 
thick silica-clay occurrence in the vicinity of drillholes Tmpd 6 and 62 (Figure 8.6). 
The alteration textures that are observed within the advanced-argillic lithocap show 
progressively increasing levels of acidity, leaching and silicification from the base of the 
lithocap to the top. This vertical increase in acidity progressively transformed the pre-
existing potassic and surrounding propylitic assemblage to a SC-altered and/or phyllic-
altered andesite assemblage with good textural preservation, and then through several 
branched alteration pathways (Figure 8.8) that ultimately produced a massive 
homogeneous silicified rock at shallow levels. This zonation is explained by the 
progressively increasing hydrolysis of magmatic S02 to H2S and H2S04 and subsequent 
dissociation of H2S04 to yield H+ ions in solution. These reactions progress to greater 
degrees at lower temperatures (Rye et al. 1992), and account for the increasing degree of 
acid-leaching and residual silica enrichment at high levels. Isotopic and other evidence 
for fluid mixing between magmatic and meteoric waters is presented in the 
palaeohydrological discussion in Chapters 9 to 11 . 
8.4 SULPHIDE MINERALOGY 
In this section the principal sulphide mineralisation facies are characterised within the 
deep-level porphyry Cu hydrothermal system and the younger, shallow-level high-
sulphidation-epithermal hydrothermal system, to define broad descriptions of physico-
chemical parameters in hydrothermal fluid and to define a paragenetic framework for 
mineralisation and alteration. The latter was required for selection of mineral species for 
radiometric dating (Chapter 4) and stable isotope studies (Chapter 10). The paragenetic 
sequence of veins, sulphide minerals and alteration in the deposit is discussed 
sequentially from the early to late paragenetic stages. 
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Mineral petrography was conducted usmg a NIKON Optiphot-Pol polarizing 
microscope. The microscope has transmitted and reflected light capabilities and a 
Microflex AFX-11 photomicrographic attachment. A CAMEBAX Microbeam (1983) 
electron-microprobe was used to identify several mineral phases. Polished thin-sections 
(n=l04) were described from the principal alteration zones within the deposit. Appendix 
E 1 summarizes the key elements of these thin-sections. The information recorded from 
these thin-sections include the lithology, general alteration style, pervasive alteration 
assemblage, primary and secondary sulphide plus silicate mineralogy of porphyry and 
high-sulphidation veins and vugs, oxidation effects, and most importantly, sulphide 
assemblages which are in textural equilibrium and sulphide assemblages in textural 
disequilibrium. 
8.4.1 Porphyry Copper Sulphide Mineralogy 
Principal Sulphide Assemblage 
The principal sulphide and oxide minerals that are in equilibrium with porphyry-stage 
anhydrite-biotite-alteration are chalcopyrite, bomite, pyrite, magnetite, subordinate 
specular hematite (Plate 58, pp. 360) and molybdenite. Porphyry-Cu-style mineralisation 
is dominated by pink-grey coloured, multi-directional, crudely laminated veins with 
medial crack-seal textures that contain traces of bomite and/or chalcopyrite and/or pyrite. 
Anhydrite-bearing veins are less prevalent. Chalcopyrite is the dominant sulphide and 
occurs as disseminated grains, as anhedral inclusions within and along the margins of 
hydrothermal magnetite grains and as elongate lathes that extend along cleavage planes 
of some hydrothermal biotite grains. These textural occurrences indicate that 
chalcopyrite mineralisation was coeval with potassic biotite-magnetite-anhydrite 
alteration. Bornite is subordinate to chalcopyrite and both these sulphides are always in 
textural equilibrium, often forming composite sulphide grains. Molybdenite and hematite 
are minor phases in the potassic zone, occurring as bladed crystals within some 
anhydrite-bearing porphyry-stage veins (Anhy-Bn-Cpy-Mo and Qtz-Anhy-Hem). 
Porphyry-stage sulphides also occur as fine fracture-controlled disseminations within the 
wall rock around quartz-dominated and lesser anhydrite-dominated veins. The porphyry 
sulphide assemblage lacks the association of enargite/digenite/chalcocite/covellite that is 
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typical of the overprinting high-sulphidation epithermal mineralisation. The 
chalcopyrite-bornite-pyrite mineral association occurs within the sericite-chlorite 
alteration zone and areas of relict potassic alteration in the deepest drill tested portions of 
the deposit. At higher levels within the phyllic and lower advanced-argillic facies the 
porphyry-related quartz veins are progressively bleached, as they become over-printed 
by the acidic conditions of the advanced-argillic lithocap, and are only observed in the 
lower portions of the lithocap below the magmatic Cycle 3/4a unconformity (Plate 41 ). 
Specular hematite, which is locally replaced by chalcopyrite (Plate 59), is more 
abundant within the outer sericite-chlorite alteration facies than in the inner potassic 
biotite-anhydrite-magnetite alteration facies. This transition may reflect a trend to 
increasingly oxidised conditions at shallower levels, as the Cp-Py-Mt (± Bn) association 
switches to a Cp-Py-Hem (±Mt, Bn) association. 
8.4.2 High-Sulphidation Sulphide Mineralogy 
High-sulphidation mineralisation is characterised by pyrite, bomite, enargite and 
digenite, with significantly lesser chalcocite, covellite, molybdenite and chalcopyrite. 
Although the high-sulphidation-stage veins display variable mineralogy, there are several 
common mineral associations. 
Stage 1: Pyrite-Bomite-Enargite ± Chalcopyrite ±Molybdenite 
The earliest stages of sulphide mineralisation are dominated by pyrite-bornite-enargite 
± chalcopyrite ± molybdenite. This sulphide assemblage precipitated in tandem with 
several textural variants of silica alteration in the advanced-argillic lithocap. In the 
paragenetically early "clay-silica" and "silica-clay" subfacies, which include both 
porphyritic and clotted silica-clay alteration variants, the pyrite-bornite-enargite 
assemblage occurs primarily as fine disseminations of sub-millimetre grains within the 
centimetre-scale clay clots. At higher levels of the lithocap, where silicification and acid 
leaching is increasingly intense, and aluminosilicate alteration minerals are scarce, the 
same assemblage occurs as vug-filling sulphides in leached silica facies (Plate 52 and 53) 
and within brittle hydro-fractures and breccia veins (Plate 56 and 57). 
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Coarse centimetre-scale vems of bomite+pyrite, bomite+chalcopyrite, and 
bomite+enargite-pyrite (Plate 56) in the higher levels of the lithocap commonly contain 
an accessory sulphide assemblage that occur as microscopic blebs, predominantly within 
bornite. These accessory sulphides are characterised by a volatile element suite that 
includes Sn, V, Te and Sb. Colusite is a Cu-Sn-V-As-Fe sulphide (Plate 48) that is 
identified occurring with mawsonite and bomite in the high-sulphidation assemblage. It 
has also been identified at Butte, Montana, where it was given the structural formula; 
(Cu,V,Sn)J.so (Sb,As)o.soS4. Mawsonite (Cu-Fe-Sn sulphide) occurs as fme, anhedral 
orange inclusions within bornite. Mawsonite is encapsulated by digenite because digenite 
replaced the bomite that had co-precipitated with mawsonite (Plates 48, 49 and 50). 
Go/dfieldite is a Te-bearing tetrahedrite that forms light grey coloured inclusions (Plates 
50 and 56) within bomite, and was also stable during later high temperature oxidation of 
bornite to digenite. As-rich and Sb-rich stibioluzonite are locally present as inclusions 
within bomite and they also survived the late stage oxidation of bomite to digenite (Plate 
51). The elements V, Te, Sn, As and Sb are typically enriched in high-sulphidation 
deposits, and V plus Te are commonly identified in highly-oxidised low-sulphidation 
hydrothermal systems associated with alkalic igneous rocks (e.g. Emperor, Fiji; Porgera, 
PNG; Cripple Creek, Colorado) where Te is expressed as tellurides and V is expressed as 
vanadium mica (roscoelite). Although these elements are inferred to have high 
volatilities, it is not clear if they are transported as a sulphide species, a hydride species 
or as an oxidised tellurate, vanadate or arsenate species. Vanadium in the deposit is 
highly correlated with aluminium, and because the aluminous alteration products are 
dominated by sericite, the micas must be weakly vanadiferous. Thus vanadium in the 
Tampakan deposit is expressed as both sulphide and silicate species. 
Stage 2: Digenite-Chalcocite: High Temperature Oxidation. 
Digenite is abundant within the high-sulphidation deposit and is always observed as an 
alteration product of precursor bomite from the Stage 1 sulphide assemblage. Digenite 
forms replacement masses that externally replace and envelop bomite and its co-
precipitated sulphide assemblage (Plates 48-50, 54, 56). Light grey paramorphic or 
lamellar chalcocite (Ramdohr, 1980) is ubiquitous as an exsolution product from digenite 
(Plate 51 ). Both bornite and locally pyrite (Plate 54) are unstable during the conversion 
of bomite to digenite, however the other sulphide phases of Stage 1 ( chalcopyrite, 
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enargite, colusite, mawsonite and goldfieldite) are texturally stable during the 
transformation. The bornite relics commonly contain very fine spindles of chalcopyrite 
which exsolved from bornite. These chalcopyrite spindles often transgress the bomite-
digenite reaction front, and so exsolved during the initial cooling of precipitated bornite 
and prior to extended cooling and oxidation associated with digenite replacement of 
bornite. Pyrite is common in the breccia-veins where bomite has exolved chalcopyrite. 
This indicates that the bomite was Fe-rich, and so exolved excess Fe as chalcopyrite. The 
alteration of bornite to digenite may involve the sulphidation reaction (1) and/or the 
oxidation reaction (2). 
9CusFeS4 + Yi S2 = 5Cu9Ss + 9FeS2 (1) 
7H2S + 9CusFeS4 + Yi 02 = 5Cu9Ss + 9FeS2 + 7H20 (2) 
(3) 
Increasing oxidation of an early high-sulphidation assemblage (e.g. Stage 1 ), induced 
by the downward encroachment of the mixing interface between cool oxidised surface 
waters and dense ascending magmatic vapors, as the hydrothermal system wanes, may 
result in increasing /02 and production of S2 (3) in the H2S stability field, both of which 
drive reactions (2) and (1) towards conversion of bomite to digenite. The pervasive 
conversion of Stage 1 bomite to Stage 2 digenite, and subsequent unmixing of digenite to 
digenite and lamellar chalcocite, is interpreted as the result of oxidation of the primary 
high-sulphidation assemblage at intermediate temperatures. 
Stage 3: Pyrite-Covellite Veins 
Late stage pyrite-covellite veins (Plate 55) are widespread within the upper portions of 
the lithocap, and overprint earlier sulphide assemblages. With further oxidation and 
cooling of the system, covellite becomes the principal stable copper-sulphide phase. Late 
alunite "crackle veins" are commonly covellite-bearing, and the alunite-covellite-pyrite 
association (from which alunite was dated by K/Ar; §4.4.5) reflects an increase in the 
oxidation state of the fluids as they cooled by mixing with shallow groundwater, and 
reflects the transition to increasingly sulphate-dominated fluids as H2S within the 
hydrothermal fluid was progressively oxidised via reaction ( 4). 
H2S + 202 => H+ + HS04' => 2H+ + so/· (4) 
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Plates 
Plate 50 
Plate 51 
Plate 52 
Plate 53 
Plate 54 
Plate 55 
Plate 56 
Plate 57 
Plate 58 
Plate 59 
48/49 DA993621 : High-sulphidation-stage bomite within bomite-chalcopyrite-pyrite-alunite-
diaspore veins that crosscut hydrothermal silica. Bomite displays fine lamellae of idaite-
chalcopyrite. Mawsonite (Cu7Fe2SnS 10) and co/usite [Cu3 (As, fu!, Y., Fe) S4] are present as 
small rounded inclusions in areas of bomite that have been replaced by digenite. Trace 
specks of covellite (dark blue) replace chalcocite. 
DA993621: As above, with an inclusion of goldfieldite [(Cu, Fe, Zn)12 (Tu, As, Sb)4 S13]. 
DA993603: High-sulphidation-stage bomite-chalcocite vein with precursor bomite (not 
shown) replaced by paramorphic chalcocite which contains interstitial digenite. The 
stibioluzonite inclusion [Cu3(Sb, As)S4] comprises Sb-rich (coppery tone) and As-rich 
(yellow tone) components. 
EA043409: Acid-leached vug from within the massive silica cap lined with druzy quartz 
and followed by precipitation of intergrown bomite-chalcopyrite 
DA993602: Acid-leached vugs (Imm diameter) in hydrothermal silica. Vugs are lined by 
druzy hydrothermal quartz and infilled with bomite (opaque) that has subsequently been 
replaced by digenite with chalcocite exsolution lamellae. 
DA993618: High-sulphidation-stage pyrite (coeval with bomite and enargite, not shown) is 
replaced along growth zones by digenite with chalcocite exsolution lamellae. 
DA993728: Paragenetically late-stage pyrite-covellite vein. 
DA993606: Quartz-lined high-sulphidation-stage vein comprising quartz-dickite-
pyrophyllite-bomite-enargite-pyrite-goldfieldite. 
DA993622: High-sulphidation-stage molybdenite and covellite as part of a broader 
assemblage of molybdenite-bomite-enargite-pyrophyllite-diaspore-dickite. 
DA993743: Porphyry-stage pyrite-chalcopyrite-hematite (±magnetite) assemblage. 
PA013098: Specular hydrothermal hematite being replaced by porphyry-stage chalcopyrite. 
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Stage 4: Covellite-Idaite: Low Temperature Supergene Oxidation. 
Both covellite and idaite are widespread in the uppermost and oxidised portions of the 
lithocap, and in areas where further oxidation of pyrite and chalcopyrite produce low 
temperature Fe-oxide assemblages. Idaite commonly forms as an alteration product of 
chalcopyrite while incipient covellite alteration of digenite and chalcocite is common. 
Stage 5: Supergene Gypsum ± Covellite Veins: 
Very late stage fibrous gypsum veins are pervasive in the sericite-chlorite alteration 
zone and in the underlying relict potassic alteration zones. These fibrous, crack-seal 
gypsum veins commonly comprise 3% to 8% of the rock mass over extensive areas of 
the deep sericite-chlorite alteration zone, but are absent in the advanced-argillic zone. 
Their distribution at depth is defined by a sharp sub-horizontal transition, typically less 
than a metre thick, above which the advanced-argillic sequence is highly friable and 
lacks gypsum, and below which the rock is compact and heavily impregnated by 
gypsum. This flat to undulating horizon (Figures 8.1, 8.6 and 4. 7 to 4.10) is interpreted to 
form as a downward migrating sulphate-saturation front, whereby descending, cool 
meteoric waters dissolve sulphate from the advanced-argillic alteration blanket and re-
precipitate the sulphate as low temperature gypsum veins at depth. A subset of these 
gypsum veins contain minute flecks of covellite between the gypsum fibres, indicating 
precipitation from oxidised and low-temperature fluids. 
The observed transition in sulphide assemblages from Stage 1 through to Stage 5 
suggests that there is a continuum from high-temperature hypogene mineralisation, to 
high- and medium-temperature hypogene oxidation and finally to lower temperature 
oxidation and supergene weathering. The primary high-sulphidation sulphide 
assemblages (bomite-enargite-pyrite-chalcopyrite) have continually undergone 
compositional adjustment as the hydrothermal system waned and ceased. 
8.5 SUMMARY 
The Tampakan deposit shows many features that are similar to those expounded by 
Sillitoe and Gappe (1984) in their description of porphyry Cu deposits in the Philippines 
- notably the association with small diorite stocks, at least two generations of late-stage 
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to post-mineralisation intrusives, post-porphyry-stage diatreme breccias (pre-high-
sulphidation at Tampakan), abundant sericite-chlorite alteration and a regional-scale 
advanced-argillic blanket. The Tampakan deposit displays possibly the closest spatial 
relationship between porphyry Cu and high-sulphidation-epithermal mineralisation of 
any previously identified deposit pair, but 40Ar-39 Ar and 238U-206Pb age constraints reveal 
that they formed from separate unrelated hydrothermal systems. 
The deposit is characterised by many of the textural and mineralogical features that are 
widely recognised world-wide in high-sulphidation-type deposits: namely massive 
silicification and hydrothermal brecciation associated with advanced-argillic alteration, 
the presence of high-temperature and low-pH alteration mineral assemblages, high-
sulphidation-state sulphide minerals (bornite-enargite-digenite-chalcocite-covellite ), 
vuggy textures produced by extreme acid base leaching, and the spatial association with 
porphyry-related mineralisation. The closest analogue to the Tampakan ore system is the 
coupled epithermal-porphyry system at Lepanto, Mankayan District, Northern Luzon 
(Concepcion and Cinco, 1989; Arribas et al. 1995; Hedenquist et al. 1998). Both 
deposits display stratigraphic and structural controls and a spatial association with deeper 
level porphyry Cu mineralisation. 
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Correlation of Potassic White Mica Chemistry with Reflectance Spectra 
and Definition of Hydrothermal Fluid Physiochemical Trends 
9.1 INTRODUCTION 
Knowledge of the spatial distribution of mineralogy and hydrothermal alteration facies 
is useful in ore exploration and ore petrogenetic studies because it enables definition of 
hydrothermal fluid pathways and reaction processes in magmatic hydrothermal systems. 
A common problem in mapping of alteration facies in magmatic hydrothermal systems is 
that the minerals are typically fine-grained and require time-consuming and expensive 
XRD analysis and thin-section petrography for reliable identification. The PIMA n™ 
(£ortable Infrared Mineral Analyser) is a recently developed portable field spectrometer 
(available since 1992) that allows rapid and cost-effective acquisition of mineral infrared 
reflectance spectra, at wavelengths of 1300-2500 nm, for identifying minerals and 
defining spatial trends in chemical composition and distribution of minerals. 
The study in this chapter was conducted to correlate infrared reflectance spectra of the 
sericite series alteration minerals from the Tampakan high-sulphidation deposit with 
electron microprobe compositional data. The calibration samples were selected from 
several alteration facies of the Tampakan deposit that represent a range in fluid 
temperature, pH, salinity, and activity of aqueous components ( asio2, aK/Na, aHIK). This 
study is centred on the Tampakan high-sulphidation epithermal deposit and the 
surrounding host rocks. The sericite series are especially suitable for study because they 
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are widely distributed in all the alteration facies and are capable of large variations in 
chemical composition that are detectable by subtle variations in infrared reflectance 
spectra measured by PIMA. An extensive dataset of spatially-located white mica infrared 
reflectance spectra acquired from the deposit is used to map correlated chemical 
compositions of potassic white micas. Many of the important physico-chemical variables 
and processes within large-scale magmatic hydrothermal systems, such as temperature, 
pH, element-activity gradients, salinity, and dynamics of fluid mixing can be 'broadly' 
mapped in hydrothermal systems by combining white-mica IR spectra with an 
understanding of the chemical variables that affect these reflectance spectra. The 
calibration in this study is used to generate time-integrated proxy palaeo-temperature 
maps by mapping the activity of the hydromuscovite [(H30)Ah(AlSh)01o(OH)2] and 
"hydro-pyrophyllite" [(H20)AhS401o(OH)2] molecular components of white micas. 
Investigation of the infrared reflectance spectra of white micas and other alteration 
minerals for direct application to mineral exploration has been undertaken by only a 
modest number of workers in the past (e.g. McLeod et al. 1987; Fraser et al. 1990; Kruse 
and Hauff 1991; Pontual et al. 1995). Nevertheless, the application of infrared reflectance 
spectroscopy as a regional mapping tool for establishing spatial composition trends in 
alteration minerals is a new and expanding field, owing to the recent (last 15 years) 
development and availability of portable spectrometers that allow rapid and relatively 
cheap data acquisition outside the laboratory. The application of regional-scale mineral 
spectral analysis from both airborne platforms and hand-held field spectrometers is likely 
to become increasingly important in the near future as an effective exploration tool for 
porphyry-related deposits (Thompson, 1995). It is widely recognised that reflectance 
spectra can track specific aspects of compositional variability in mineral solid-solutions. 
However, there is a dearth of detailed calibrations of mineral spectra with mineral 
compositions. The ability to use spectral reflectance data to determine spatial trends in 
potassic white mica composition in magmatic-hydrothermal systems would be a useful to 
explorationists if there are demonstrated links between physico-chemical properties of 
mineralising fluids and white mica chemistry. 
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9.2 NOMENCLATURE OF TEXTURAL AND COMPOSITIONAL 
VARIATION OF DIOCTAHEDRAL WHITE MICAS 
9.2.1 Molecular Components 
The potassic white mica crystalline solution senes displays extensive to complete 
variation among several end-member compositions due to various cation and neutral 
species substitutions in the octahedral, tetrahedral and interlayer crystal lattice sites 
(Table 9 .1 ). Figure 9 .1 illustrates the crystal structure of potassic white micas. 
Table 9.1 Principal compositional end-members of the dioctahedral potassic white mica series 
and related minerals, defined according to predominant element occupants of 
interlayer, octahedral (OCT) and tetrahedral (TET) lattice sites. 
Interlayer OCT-Site TET-Site Mineral 
Ba (Al Al) (Ali Si2) 010(0H)2 Celsian 
Ca (Al Al) (Al2 Si2) 010(0H)2 * Margarite 
K (Al Al) (Al Si3) 010 (OH)2 * Muscovite 
Na (Al Al) (Al Si3) 010 (OH)2 * Paragonite 
H30 + (Al Al) (Al Sh) 010 (OH)2 * Hydronium muscovite 
Nt4 (Al Al) (Al Si3) 010 (OH)2 Tobelite 
K (Fe3+ Fe3+) (Al Si3) 0 10 (OH)2 * Ferri-muscovite 
K (V Mg) (Al Si3) 010 (OH)2 Roscoelite 
K (Al Cr) (Al Sh) 010 (OH)2 Fuchsite 
K (Mg Fe3+) (S4) 010 (OH)2 Glauconite 
K (Mg Al) (S4) 010(0H)2 * Celadonite 
H20 (Al Al) (S4) 010(0H)2 * "Hydro-pyrophyllite" 
D (Al Al) (S4) 010(0H)2 * Pyrophyllite 
Ar (Al Al) (S4) 010(0H)2 Argon-pyrophyllite 
*Species or molecular components directly relevant to this study. ( D =Vacancy) 
Components having Fe2+ and Mn2+ replacing Mg2+ are implicitly included with the listed Mg member. 
The highly variable manner in which potassic white mica may depart from 
stoichiometric muscovite composition towards other end-member compositions (Table 
9 .1) means that potassic white micas have the potential to serve as sliding-scale indicators 
of varying fluid physico-chemical conditions such as hydrothermal fluid pressure, 
temperature, fluid salinity, pH and bulk rock composition or mineral assemblage, all of 
which influence mineral chemical composition. The detailed shape of reflectance spectra 
of hydrous phyllosilicates in the 1300 nm to 2500 nm shortwave infrared region 
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(including the potassic white micas) is a function of their chemical composition and the 
principal element bond types (e.g. Al-OH, Mg-OH, Fe-OH, H20). Increasingly subtle, but 
nevertheless consistent variations in reflectance spectra are due to minor distortions in the 
crystal lattice stacking patterns as a result of variability in the kinds and abundance of 
cations that substitute for the essential cations (Si, Al, K). 
Hydroxyl 
O Oxygen 
x Aluminium 
• Silicon 
@ Potassium, 
+Na, Ca 
Neutral water 
Hydronlum Ion 
Muscovite Crystal Structure 
H--~-9:--">---Ac----sl 
Tetrahedral Layer 
Octahedral Layer 
Tetrahedral Layer 
Tetrahedral Layer 
Octahedral Layer 
Tetrahedral Layer 
Figure 9 .1 The crystal structure of muscovite. H20 and H30+ substitute for K+ ions in the 
interlayer site in hydromuscovite and illite. 
9.2.2 Potassic White Mica Used in This Study 
The potassic white micas selected for this calibration study are K- or alkali-deficient 
dioctahedral micas which, according to the IMA report on the nomenclature of micas, are 
classified as illite (total interlayer cations per half cell = 0.6 to 0.85) and as non-ideal 
muscovite (total interlayer cations per half cell = >0.85 to 1.00) (Rieder et al. 1998). The 
structural formulas show more Si and less Al and K than ideal muscovite (Table 9.2, 
pp.383). Four samples, which included the two samples with the highest FeO content, 
were selected for glycolation and XRD analysis to screen for the presence of interlayered 
illite/smectite (l/S). A smectite clay was identified within the most FeO-enriched 
calibration sample (OCT-OH-A= 2206.23; Figure 9.7) and was subsequently discarded 
from the calibration set. The sample with the second highest FeO content (OCT-OH-A= 
2204.76; Figure 9.7; sample 34T080 in Table 9.2) had trace detectable interlayered 
smectite, however the K20 content of the mica (9.80 wt.%) implies that the maximum 
dilution by interlayered smectite is ~2% if the mica is an ideal muscovite with ~10 wt.% 
K20, and less if it is a K-deficient mica. Interlayered l/S was not identified in the two 
samples with typical FeO contents. The continuous variation in absorption wavelength of 
the octahedral cation-hydroxyl bond (§9.5 and Figure 9.15) with varying composition of 
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the octahedral occupants implies that the chemical variation is not due to a mechanical 
mixture of two mica phases as in I/S, but that the chemical variation reflects a continuous 
solid-solution. Variable mixtures between a mica with a fixed "end-member illite" 
composition and an interlayered smectite may produce variable infrared absorption 
intensities at constant peak positions, but cannot produce the systematic shifts in 
absorption wavelength that are the basis of the OCT-OH-A. calibration discussed in §9.5. 
In light of the above and the data in Figure 9.2, the samples used in this study are single-
phase, alkali-deficient, muscovite-celadonite-illite solid-solution. 
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Figure 9.2 A plot of the principal Al-OH octahedral combination band for infrared absorptions 
versus aluminium composition for several dioctahedral minerals compiled and studied by Post 
and Noble (1993), and for the two sets of calibration samples from the Tampakan district - this 
study (diagram modified from Post and Noble, 1993). The Tampakan alkali-deficient micas (red 
and yellow circles) plot within and along trend of the pegmatitic muscovite samples from the 
Isinglass mine, California (white squares). 
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9.2.3 Relevant Ion-Exchange Reactions 
Various reaction equilibria among fluid solutes and molecular components of white 
mica, chlorite and feldspar can be written to illustrate how a map of mica chemical 
variations in space are a proxy map of fluid physico-chemical variations in different 
regions of the hydrothermal system. A typical model for high-sulphidation epithermal 
mineralisation involves ascent of a magmatic vapor plume that condenses and mixes with 
overlying cooler meteoric water (Chapters 10 and 11). Significant spatial and temporal 
variation in physico-chemical fluid parameters is expected to be recorded in white micas 
as zonal gradients in space, and as over-printing compositions in time. The principal ion-
exchange reactions relevant to this study are summarised below. 
Redox Effect on White Mica Composition. White micas readily accept ferric iron (Fe3l 
whereas chlorite does not (Foster 1962). Consequently hydrothermal oxidation of a 
propylitic mineral assemblage results in conversion of chlorite and feldspar components 
to a white mica solid solution composed of three principal components: ferri-celadonite, 
hydromuscovite and hydropyrophyllite (reaction 1), or compositional permutations of the 
products such as Al-celadonite and hydro-ferrimuscovite, during prograde hydrothermal 
alteration. 
514 0 2 + (Fe/+ Al)(A1Si3)010(0H)8 + (Mg5Al)(A1Si3)010(0H)8 + 5KA1Sh0s + 14Si02 + 1112 H20 
(fluid) chamosite ( chlorite) clinochlore ( chlorite) orthoclase quartz 
=> 
5KMgFe3+Si4010(0H)2 + (H30)Al2(AlSi3)01o(OH)2 + 3[(H20)Al2S401o(OH)2] (1) 
ferri-celadonite hydromuscovite hydropyrophyllite 
However, the relative abundance of these three components within white mica solid-
solution is also strongly influenced by both the pH/salinity ratio (i.e. aH+iaK+) and silica 
supersaturation effects. 
pH and Salinity Effect on White Mica Composition. Decreasing salinity and pH 
promote substitution of H30+ for K+ in interlayer sites, driving reaction (2) to the right. 
muscovite hydromuscovite 
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Silica Supersaturation Effect on White Mica Composition. The following equilibria 
involving molecular components of hydromica are driven to the right by silica 
supersaturation. 
temperatures. 
Silica supersaturation is more common and extreme at lower 
2[(H30)Ali(AlSi3)010(0H)2] + H20 + 6Si02°(aq) ~ 3[(H20)AliS4010(0H)2] (3a) 
hydromuscovite fluid hydropyrophyllite 
2[(H30)Al3Sh010(0H)2] + 6Si02°aq ~ 
hydromuscovite 
3AliS401o(OH)2 + 2H20 
pyrophyllite 
AliSi20s(OH)4 + 2Si02°aq ~ H20A12S4010(0H)2 
kaolinite hydropyrophyllite 
(3b) 
(3c) 
Equilibria between hydromuscovite component and pyrophyllite (reaction 3b) indicate 
that high silica activities suppress the formation of hydromuscovite in favour of 
pyrophyllite. Silica supersaturation also destabilises propylitic assemblages to form 
celdonite and hydropyrophyllite components of illite-bearing argillic assemblages: 
(reaction 4). 
clinochlore ( chlorite) orthoclase fluid celadonite hydropyrophyllite 
Similarly, equilibria between amesite ( chlorite ), muscovite, celadonite and 
hydropyrophyllite components indicate that high silica activity favours the formation of 
tetrasilicic components, such as celadonite and hydropyrophyllite, in white micas 
(reaction 5): 
M~l2(Al2Si2)010(0H)s + 4KAl2(AlSi3)010(0H)2 + 8H20 + 26Si02° (aq) ~ 
amesite ( chlorite) muscovite fluid 
4K(MgAl)S4010(0H)2 + 6(H20)Al2S4010(0H)2 (5) 
celadonite hydropyrophyllite 
Enhanced silica activity and silica supersaturation within hydrothermal fluids is 
commonly produced by fluid mixing between silica-saturated fluids at different 
temperatures, with the hybrid fluid being silica-supersaturated (Figure 9.3). Consequently 
stabilisation of pyrophyllite and the hydropyrophyllite component of white mica solid-
solution may be facilitated by fluid mixing processes that promote silica supersaturation. 
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Figure 9 .3 Solubility curves for 
amorphous silica, chalcedony and a-quartz 
at pressures and temperatures corresponding 
to the liquid-vapour equilibrium curve for 
water (data of Walther and Helgeson, 1977). 
Due to the thermal curvature of silica 
0 
solubility, mixing of thermally contrasting £' 
15 
fluids that are at or near silica saturation (a C:f 
and a') produces hybrids that are quartz- ~ 10 
supersaturated at all mixing ratios. Quartz £ 
precipitated from silica-supersaturated 
fluids tends to have cherty or chalcedonic 
textures, as found in the Tampakan silica 
bodies. Silica supersaturation also promotes 
expression of tetrasilicic components 
0 
a-Quartz 
Undersaturatecl 
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1 kbar a -Quartz 
Psat a -Quartz 
( celadonite and hydropyrophyllite) in the 
white mica solid-solution. Silica 
supersaturation can also be caused by 
decreasing temperature (a-b) and by 
decompression ( c ). 
0 50 100 150 200 250 300 350 
TEMPERATURE OC 
Temperature Effect on White Mica Composition. Although white micas with up to 83 
mole percent hydronium ion substitution in interlayer sites have been described (Loucks, 
1991; Table 3 ), comparable levels of interlayer site occupancy by neutral H20 (as 
hydropyrophyllite) have not been described. End-member hydromicas apparently are 
unstable with respect to formation of normal pyrophyllite or kaolinite-dickite instead: 
H20AliS4010(0H)2 => 
hydropyrophyllite 
AliS4010(0H)2 + H20 
pyrophyllite 
2(H30)AlzA1Si3010(0H)2 + HP => 3Al2Si20s(OH)4 
kaolinite hydromuscovite fluid 
(6) 
(7) 
The positive entropy change of reaction ( 6) shifts the equilibrium to the right with 
increasing temperature. Equilibrium (3a), (4), (5) and (7), which convert free H20 to 
lattice-bound H20, have a negative t1rS0 of reaction, so these equilibria shift to the left 
with increasing temperature (i.e., they are essentially dehydration reactions). For the same 
reason, reaction (3b) and (8a,b) run to the right with increasing temperature. Figure 9.4 
summarises these entropy-driven changes of white mica composition with temperature. 
This diagram indicates that in the two-phase field in which hydropyrophyllite-rich 
muscovite solid-solution coexists with pyrophyllite or with kaolinite/dickite, the white 
mica solid-solution's structurally bound water content decreases monotonically with 
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increasing temperature. This suggests that in the upper levels of hydrothermal systems 
where temperature gradients are steep, silica activity is high and hydropyrophyllite is 
strongly expressed, the structurally-bound water content of the white-mica solid solution 
may be a strong function of temperature. At high temperatures the stability range of 
hydromica components is limited by reactions that make andalusite or sillimanite: 
t 
T 
2(H30)AhSh01o(OH)2 
hydromuscovite 
=> 3AliSiOs + 3Si02° + 5H20 
andalusite fluid 
(H20)AliS4010(0H)2 + => 
hydropyrophyllite 
AliSiOs + 3Si02° + 2H20 
andalusite fluid 
e 
-------------------------f-- - -------~~?.f!~~:~s~!!'!i:!i~~----
-j 1J 1J 1J 
PYRO ,;' PYRO 
Pv_:o d b Pv_:o 
MUss 
------------------- --- -- ~-- --:!! ____ _:Q. _____ ~--
KAOL € 
+ MUss 
(illite) 
MUss 
'b Si02 supersaturation 
\ 
' MUss+ KAOL 
' \ (illite) 
' 
t 
T 
(Sa) 
(Sb) 
a = Reaction 3a 
b = Reaction 6 
c = Reaction 7 
d = Reaction 3b 
e = Reaction 8b 
f = Reaction 8a 
(H30)AlzAISi301o(OH)z 
Hydromuscovite 
KAlzAISi3010(0H)z 
Muscovite 
(H20)Al2S4010(0H)z 
Hydropyrophyllite 
SBW -<--
Increasing acidity 
SBW 
Minimum 
-->-SBW ~ 
Increasing aSiQi (aq) 
Figure 9 .4 Schematic representation of the topologic relations among sericite crystalline 
solution (MUss) and aluminium silicates in the system K20-H20-AhOrSi02 on two faces of the 
triangular prism: temperature (H30)AhAlSh010(0H)2 KAhAlSi301o(OH)2 
(H20)AhSi40 10(0H)2 (KAOL - kaolinite; PYRO - pyrophyllite). One-phase fields are shaded 
grey, whereas two-phase fields are blank (modified from Loucks 1991). On the 
hydropyrophyllite limb ( a,b) of illite bounding the advanced argillic assemblage, the structurally 
bound water content of illite is a monotonic function of temperature. The Tampakan potassic 
white micas are dominated by a hydropyrophyllite component (§9.4.1) and their coexistance with 
pyrophyllite and kaolinite-dickite indicates that they lie along the hydropyrophyllite-enriched 
side of the muscovite stability field [pink band (a-b)]. These potassic white micas will remain as 
single-phase minerals during cooling (pink arrow) and so retain their primary structurally bound 
water content. The chemical reactions that pertain to the phase boundaries a-f (from Loucks 
1991) are discussed in this section (§9.2.3). 
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Molecular components of low-temperature and low-entropy mixed layer illite-smectite, 
or higher entropy homogeneous illite of the same composition, are converted to 
muscovite and chlorite with increasing temperature and/or decreasing a{;~: (reaction 9), 
wherein molecular components on the left hand side of the reaction are those of 
homogeneous "illite" (or mixed layer I/S). 
2K(MgAl)S401o(OH)2+(H30)AhSi301o(OH)2+0.5[H20AliS401o(OH)2]+2[(H20)o.sMgo.s(MgAl)S401o(OH)2] 
celadonite hydromuscovite hydropyrophyllite Mg-montmorillonite 
=> 2KAhSh010(0H)2 + MgsAl2Si3010(0H)s + 12Si02°aq + 2.5H20 (9) 
muscovite clinochlore fluid 
Equilibria 1-9 illustrate how the chemical composition of the muscovite solid-solution 
series is intimately linked to physico-chemical properties of the hydrothermal fluid such 
as temperature, pH/salinity ratio and silica activity. The ability to correlate spatial 
variation of concentrations of these components of the white mica solid-solution with 
infrared reflectance spectra acquired by PIMA, enables spatial mapping of trends in 
important fluid physico-chemical parameters within the palaeo-hydrothermal system. 
9.3 DATA COLLECTION AND ANALYSIS 
9.3.1 Sampling Strategy 
PIMA infrared reflectance spectra of alteration minerals were collected from 31 
drillholes along one NNE-SSW longitudinal-section and four east-west cross-sections 
(716270mN, 715790mN, 715320mN, 714670mN) through the Tampakan deposit (Figure 
9.5). A total of 3879 spectral readings were acquired (generating 5449 individual mineral 
occurrences), distributed approximately every three metres downhole. Spectra were not 
collected in areas of intense surficial weathering, nor in areas comprising nearly 100% 
massive hydrothermal silica, due to the typically poor quality of spectra from these 
lithologies. The locations of cross-sections were chosen to represent all alteration and 
rock types within the deposit, and to include the deepest drillhole in the Tampakan 
system, which intersects relics of deep-level porphyry-related potassic alteration 
(hydrothermal biotite) at depth below the advanced argillic alteration blanket. 
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Figure 9.5 Geological plan of the Tampakan deposit, showing the principal rock/alteration 
types exposed at the surface, and the location of drillholes (red) on four cross-sections and one 
longitudinal-section used for this study. The yellow line represents the projected 2'. 0.5% Cu 
outline within the deposit. 
9.3.2 PIMA Data Acquisition Procedure 
Samples weighing two to five grams were collected for PIMA analysis during 
geological logging of drillcore. These samples were sun-dried on metal plates for two to 
four hours to minimise hygroscopic moisture and to ensure that water which was 
adsorbed onto mineral surfaces contributed minimally to the measured spectral 
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reflectance. The PIMA infrared spectra were acquired using a PC laptop computer loaded 
with the PIMAOP© software program that was linked to the PIMA II spectrometer. The 
spectra are diffuse reflectance measurements made by comparing the sample brightness 
against the brightness of an internal white standard at different wavelengths. The spectral 
resolution is 7nm, whereas the spectral sampling interval is 2nm. Spectra were acquired 
by placing a dry rock specimen (from outcrop, hand-specimen or drillcore) against a 
small aperture in the spectrometer and acquiring reflectance spectra from a 5mm by 2mm 
portion of the rock surface over a 60 second interval. The spectra were stored in digital 
format for subsequent display and mineral identification using integrated software. 
Mineral identifications were done manually using the PIMA VIEw@ spectral display 
software and comparison with a printed spectral library. PIMA spectra were analysed 
using the PIMACALC© software program to derive numerical values of two spectral 
parameters of potassic white mica that varied systematically through the deposit (§9.3.4). 
The alteration mineralogy identified by PIMA spectra is plotted at the same scale as 
geological cross-sections to enable comparison between the two datasets (Figures 8.2-8.7 
and 4.7-4.10). Each identified mineral species is assigned one of 14 mineral species codes 
and one of 12 mineral textural occurrence codes. The PIMA mineral data (plotted on four 
cross-sections and one longitudinal-section) are subdivided into discrete alteration 
domains by grouping minerals according to naturally predominating assemblages which 
were observed over continuous down-hole thicknesses exceeding 12 metres. 
9.3.3 Principles of PIMA Data Acquisition 
The PIMA II™ measures the reflectance of shortwave infrared energy. The wavelength 
of reflected energy depends on the strength of chemical bonds within mineral species that 
absorb energy at specific wavelengths. The PIMA II scans an infrared wavelength band 
of 1300 to 2500 nm. Each spectrum obtained from drillcore may represent more than one 
mineral. Up to three mineral species can be identified from each spectrum. The technique 
is best suited to distinguishing hydrous phyllosilicate minerals within magmatic 
hydrothermal systems due to the mineral-specific combinations of vibrational (bending 
and stretching; Clarke et al. 1990) energy absorptions associated with bound molecular 
377 
Chapter 9 Infrared Spectral Mapping of Alteration Mineralogy -
Calibration of Potassic White Mica Chemistry with Reflectance Spectra 
water, hydronium and hydroxyl groups. Characteristic energy absorptions in the 
shortwave infrared region are associated with Al-OH, Mg-OH and Fe-OH bonds within 
crystal lattices, and with structurally bound neutral water (H20) or ionic water (H30+). 
The cation-hydroxyl absorption features in the shortwave infrared region are related to 
harmonics associated with the more fundamental absorptions that occur in the middle 
infrared region (Pontual et al. 1997). The PIMA n™ spectrometer can be used to 
routinely identify at least 39 mineral species which include phyllosilicates (micas, 
chlorites and serpentines), sulphates (alunite, gypsum, jarosite), hydroxylated silicates 
(epidotes and amphiboles), and carbonates (Pontual et al. 1995). Pontual et al. (1997) 
provide a detailed description of the theory and application of PIMA analyses, 
fundamentals of spectral interpretation, and a library catalogue of individual mineral 
spectra. Thompson et al. (1999) provide a useful overview of the application of the 
PIMA instrument in mineral exploration. 
9.3.4 Spectral Parameters Selected for Electron-Microprobe Chemical Calibration 
The hull or continuum is a long-wavelength background reflectance of a mineral or set 
of minerals that is subtracted from the short wavelength absorption features to yield the 
spectra presented in Figures 9.6 and 9.7 (Thompson et al. 1999; Figure 1). Hull-
normalised reflectance spectra obtained from potassic white micas show considerable 
variation in the shape and relative depth of individual absorption features (Figures 9.6 
and 9.7) that occur primarily in the 1800nm to 2000nm wavelength region (absorption 
due to §.tructurally .Q.ound water - SBW, representing interlayer H20 and H30+), and in 
the 2180nm to 2230nm wavelength range (absorption due to octahedral cation bonds with 
hydroxyl ions: OCT-OH). The potassic-white-mica spectra show continuous variation 
(Figure 9.7) between "end-member" spectral forms (Figure 9.6). Illite and interlayered 
illite-smectite are characterised by particularly deep SBW spectral absorption troughs and 
by relatively shallow and broad definition of OCT-OH absorption features. As the mica 
composition nears end-member potassium-muscovite, the normalised spectra show 
weaker SBW absorption troughs (1800-2000 nm) and deeper and progressively sharper 
wavelength definition of the principal OCT-OH absorption trough at 2180-2230 nm 
(Figure 9 .6). 
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Figure 9 .6 Representative reflectance spectra for illite and muscovite. Shortwave infrared 
energy absorptions due to structurally bound water at 1800-2000 nm are deeper for illite 
whereas absorptions due to OCT-OH at 2180-2230 nm are deeper and more sharply defined for 
muscovite. The SBW spectral parameter is derived by taking the ratio of the depth of the 
OCTcation-OH combination band over the depth of the water absorption band, after the spectra 
has been hull-normalised. 
Two broadly recognised, but poorly constrained spectral parameters that map 
compositional variation within potassic white micas are the OCT-OH absorption 
wavelength (where OCT= octahedrally-coordinated cations) and the relative depth of the 
structurally bound water absorption trough. Pontual et al. (1997) ascribe the shift in 
OCT-OH absorption wavelength from 2225~2190~2184 nm to a transition from 
phengite (celadonitic Fe/Mg substituted, Si-rich micas) to muscovite (K) and to 
paragonite (Na) respectively. However, it appears possible that other cation substitutions 
may produce similar shifts in the OCT-OH absorption wavelength. Duke (1994) ascribe a 
shift in the Al-OH absorption band from 2217 to 2199 nm to increasing Al in the 
octahedral site in metamorphic muscovite from the Precambrian greywacke of Black 
Hills, South Dakota. Pontual et al. (1997) attribute variation in the depth of the infrared 
absorption trough due to content of lattice-bound water as a function of "illite-sericite 
crystallinity". However, variation in the structurally bound water content of potassic 
white micas can occur to extreme degrees without variation in crystallinity (concentration 
of lattice defects) of the mica structure. Loucks (1991) used a statistical analysis of the 
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components of variance on high-precision wet-chemical analyses of potassic white micas 
(including their measured H20 content) to show that any ionic charge deficiency of 
alkali-depleted white micas is balanced in the frrst instance by hydronium ion (H30+) in 
the interlayer site, after which all remaining interlayer lattice sites not occupied by atomic 
or molecular cations (K+, Na+, Ba+, H30+, NH/) are occupied by neutral water 
molecules. Previous workers have also implicated a direct hydronium-ion/potassium-ion 
exchange in the interlayer site. The ionic radii of the potassium and hydronium ions are 
equal to within 5% (Loucks, 1991), and thus substitution of one for the other can take 
place without the requirement for crystallinity variation. This progressive replacement of 
potassium ions in the pure muscovite end-member by hydronium ions can run to near 
completion, with some mica samples having over 80% of the interlayer cation species 
occupied by hydronium ions. Likely examples of true hydromuscovites include the 
diagenetic cements in sandstones from Kettleman North Dome in California (Loucks, 
1991). Hydronium ions may contribute appreciably to the principal water absorption 
trough (1912 nm) of many white micas. Furthermore, the variation in the standard 
"Kubler crystallinity index" (the XRD 001 peak breadth measured in mm or 29 at half 
peak height - Kubler, 1964), which has been widely applied in the scientific literature, 
was shown by Srodon (1979) and Weaver and Broekstra (1984), to be mostly a function 
of the amount and composition of the interlayered smectite (I/S) component of the sample 
at temperatures below the epizone ( ~ 360°C), and not due to crystallinity variation. 
Because of these ambiguities, the Tampakan potassic-white-mica spectral data were 
calibrated with representative compositional data acquired from selected samples using 
an electron-microprobe in energy-dispersive acquisition mode. The principal spectral 
parameters selected for chemical calibration are: 
a) Variation in wavelength of the OCT-OH absorption trough (OCT-OH-A.; Figure 9.6). 
b) Ratio of the depth of the OCT-OH absorption trough to the ,S.tructurally Bound 
Water absorption trough (SBW; Figure 9.6). 
The "relative" content of structurally bound water within the white micas is represented 
by a dimensionless number (SBW) that is derived by ratioing the depth of the principal 
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Figure 9. 7 Representative infrared reflectance spectra of the potassic white micas used for the 
calibration between mica chemistry and infrared absorption characteristics. The nine uppermost 
spectra show the varying intensity of the structurally bound water absorption trough at ~1912 
nm. The lower set of 11 spectra show the variation in wavelength of maximum infrared 
absorption caused by stretching and bending excitation of the atomic bonds between the 
collective octahedral cations and hydroxyl ions (~2180-2230 nm). The second spectra from the 
bottom was not used in the final calibration due to the presence of smectite that was identified in 
the sample by glycolation and XRD analysis. 
Al-hydroxyl (OCT-OH) absorption trough at 2180-2230 run to the maximum depth of the 
water (H20, H30l absorption trough at around 1912 run. These values were calculated 
from the spectral data using the PIMACALC© software package. The depth of the two 
absorption troughs were ratioed to each other to ensure that variation in measured relative 
SBW content was due entirely to composition of the micas, and not to the varying 
proportion of white mica within the samples. 
9.3.5 Spectral Samples Chosen for Electron-Microprobe Chemical Calibration 
Of the total of 3879 reflectance spectra, 1960 spectra contain a signal due to potassic 
white mica ± other mineral species but excluding kaolinite-dickite and gypsum. Dickite-
kaolinite display an OCT-OH absorption feature around 2206 run which may interfere by 
deepening the total OCT-OH absorption trough, whereas gypsum displays a strong water 
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absorption feature around 1912 nm which may likewise interfere with the white mica 
water absorption trough. Nineteen of the 20 samples chosen for compositional calibration 
of spectra display absorption features due to illite-muscovite solid-solution series. 
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Figure 9.8 Plot of the structurally-bound-water spectral ratio (SBW value) for white micas vs 
the wavelength of the infrared OCT-OH absorption trough (PIMA data). Potassic white mica 
samples whose spectra plot on the brown diamonds (above) were analysed for their composition 
using a Camebax Microbeam electron-microprobe in energy dispersive mode. The samples that 
plot along the highlighted horizontal axis were selected to compositionally characterise the full 
range in OCT-OH absorption wavelength at a constant SBW value, so as to avoid any 
compositional variation caused by varying water content in the white micas. Likewise the 
samples that plot along the vertical axis at 2195-2197 nm were selected to define the full natural 
range of SBW spectral values at a constant OCT-OH absorption wavelength, so as to avoid any 
compositional variation caused by parameters that affect the OCT-OH absorption wavelength. 
The natural range of OCT-OH-A and the SBW ratio in the Tampakan potassic white 
micas is displayed in Figure 9.8. The OCT-OH-A varies between 2181 and 2212 nm, 
suggesting substantial variation of octahedral cation species in different regions of the 
deposit. The SBW ratio varies between 0.1 and 7.95, suggesting significant natural 
variation in structurally bound water content of the dioctahedral potassic white micas. In 
order to investigate the compositional causes of variation in these two spectral 
parameters, the two parameters were isolated within both of the selected calibration 
sample sub-sets. The 11 samples selected for the OCT-OH-A composition calibration 
were chosen from a narrow range of low SBW values (0.4-0.8) to minimise composition 
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contributions caused by varying SBW ratios. Likewise the 9 samples selected for the 
SBW ratio composition calibration were chosen from a restricted interval of OCT-OH-A. 
variation (2195-2197 nm; Figure 9 .8). The spectra obtained from the selected calibration 
samples are displayed in Figure 9.7. 
9.3.6 Methodology for White Mica Composition Analysis by Electron Microprobe 
Electron-microprobe analyses were conducted on polished thin-section mounts of the 
selected calibration samples from which the reflectance spectra were already acquired. 
The grain size of analysed white micas varied from - l 5µm to -150µm. Individual grains 
were selected using a NIKON Optiphot-Pol polarising microscope. In most cases, mica 
flakes from the coarser end of the natural size range were selected to minimise the 
possibility of signal contribution from other finely intergrown phases, and to minimise the 
chances of "spillover" sampling due to beam excitation of the surrounding host matrix. In 
samples where the grain size was so fine that individual grains could not be identified, 
analyses were conducted on massive monomineralic clots of finely intergrown mica. 
Analyses were acquired using a CAMEBAX MicroBeam (1983) electron-microprobe that 
was operated with an accelerating voltage of 15 kV and a beam current between 5.7 and 
6.3 nA. The data were collected in energy-dispersive acquisition mode. Counts were read 
for a total of 80 seconds per analysis. A beam diameter of 2µm was used because of the 
fine grain-size of the samples analysed. The data were corrected using an on-line ZAF 
correction procedure. 
In all cases, the analysed points on each of the 20 calibration samples were distributed 
over the -1-2 cm2 surface area of the sample. Multiple analysis of the same grain, or same 
aggregate of grains, was avoided to ensure that compositions were not statistically biased 
to any one part of the sample. The electron-microprobe data (as raw wt.% oxide values 
normalised to 100%) were initially plotted to screen out outlier analyses that were 
contaminated by fine-grained secondary quartz. Contaminated analyses were identified by 
anomalous wt.% Si02 enrichment, and corresponding depletion in other elements. The 
elements analysed were Si, Al, Fe, Mg, Mn, K, Na, Ca, Ti and Cr. Within-sample 
averages of uncontaminated point analyses are listed in Table 9.2. White mica wt.% oxide 
Table 9.2. Average analyses by electron microprobe of potassic white mica samples used for PIMA spectral calibration of OCT-OH (left half) 
and SBW (right half). 
Sample 34T018 86T061 86T058 34T056 35T096 86T059 43T089 43T118 34T080 50T079 35T048 82T085 33T098 62T091 62T052 40T107 40T127 64T117 42T136 Sample 
OCT-OH-A. 2182 2185 2188 2190 2193 2198 2200 2203 2205 2209 1.04 1.56 1.95 2.49 3.23 4.24 5.32 6.46 7.64 SBWRatio 
n=8 n=6 n=7 n=10 n=7 n=12 n=15 n=5 n=5 n=4 n=12 n=9 n=13 n=12 n=12 n=11 n=11 n=10 n=9 
Wt% Wt% 
SIO, 48.52 48.91 50.25 49.51 50.06 50.17 51.25 51.18 48.79 50.21 48.18 49.39 49.60 48.49 46.78 46.86 46.90 46.72 45.69 Si02 
Ti02 0.06 0.12 0.02 0.00 0.00 0.09 0.00 0.00 0.02 0.00 0.03 0.00 0.00 0.00 0.01 0.14 0.13 0.13 0.29 Ti0 2 
Al20 , 34.33 34.84 34.15 36.26 35.72 32.67 31 .99 31 .51 31.41 29.29 35.21 35.30 34.10 35.72 34.88 34.64 36.01 35.67 35.34 Al20 , 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr,03 
FeO 1.42 1.21 0.51 0.04 0.16 1.45 1.30 1.40 2.02 1.94 0.90 0.21 1.29 0.35 1.45 1.59 0.78 1.12 1.84 FeO 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 MnO 
MgO 0.38 0.61 1.23 0.00 0.07 1.21 0.94 0.96 1.12 2.70 0.27 0.17 0.58 0.16 0.25 0.57 0.33 0.22 0.32 MgO 
cao 0.10 0.43 0.74 0.14 0.12 0.32 0.53 0.73 0.13 0.02 0.09 0.07 0.08 0.06 0.05 0.03 0.02 0.00 0.01 CaO 
Na,o 0.31 1.01 0.68 0.00 0.40 0.43 0.14 0.19 0.08 0.00 0.27 0.12 0.01 0.19 0.13 1.10 0.66 0.63 0.73 Na,o 
K,O 8.29 6.98 6.05 8.01 7.81 7.96 7.26 6.97 9.80 9.83 9.27 9.26 9.15 9.11 9.69 9.09 9.87 9.45 9.98 K20 
H,O (calc) 5.88 6.12 6.90 6.36 6.10 6.10 6.41 6.39 5.16 5.74 5.44 5.52 5.80 5.61 5.27 4.97 4.94 5.10 4.78 H20 (calc) 
Total 99.29 100.21 100.53 100.31 100.43 100.39 99.80 99.32 98.54 99.72 99.67 100.03 100.63 99.69 98.51 99.00 99.64 99.05 98.98 Total 
Atoms per formula unit Atoms per formula unit 
Si 3.21 3.19 3.25 3.22 3.25 3.28 3.36 3.38 3.28 3.33 3.18 3.24 3.24 3.19 3.14 3.12 3.11 3.11 3.06 Si 
Al (tet) 0.79 0.81 0.75 0.78 0.75 0.72 0.64 0.62 0.72 0.67 0.82 0.76 0.76 0.81 0.86 0.88 0.89 0.89 0.94 Al (tet) 
Al(oct) 1.88 1.87 1.85 2.00 1.98 1.80 1.84 1.83 1.77 1.63 1.92 1.97 1.87 1.96 1.89 1.85 1.92 1.91 1.85 Al(oct) 
Ti 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 Tl 
Fe2• (calc)* 0.01 0.01 0.01 0.00 0.00 0.05 0.05 0.07 0.07 0.11 0.01 0.01 0.03 0.01 0.01 0.03 0.02 0.01 0.02 Fe,. (calc)* 
Fe,. (calc)* 0.07 0.05 0.01 0.00 0.01 0.03 0.02 0.01 0.05 0.00 0.04 0.00 0.04 0.01 0.07 0.06 0.03 0.05 0.09 Fe' • (calc)* 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Mn 
Mg 0.04 0.06 0.12 0.00 0.01 0.12 0.09 0.09 0.11 0.27 0.03 0.02 0.06 0.02 0.02 0.06 0.03 0.02 0.03 Mg 
Ca 0.01 0.03 0.05 0.01 0.01 0.02 0.04 0.05 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 Ca 
Na 0.04 0.13 0.09 0.00 0.05 0.05 0.02 0.02 0.01 0.00 0.03 0.02 0.00 0.02 0.02 0.14 0.08 0.08 0.09 Na 
K 0.70 0.58 0.50 0.66 0.65 0.66 0.61 0.59 0.84 0.83 0.78 0.78 0.76 0.76 0.83 0.77 0.83 0.80 0.85 K 
H30+ ** 0.09 0.14 0.25 0.11 0.05 0.14 0.13 0.14 0.04 0.21 0.04 0.01 0.07 0.05 0.06 0.05 0.02 0.03 0.03 H,o• ** 
H,O ** 0.17 0.12 0.12 0.22 0.24 0.12 0.21 0.20 0.10 0.00 0.14 0.20 0.16 0.16 0.10 0.04 0.06 0.08 0.02 H,O ** 
OH. 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 OH" 
Atomic stoichiometries per formula unit were calculated from Wt.% values using six Oct+Tet sites and one interlayer site. 
* Fe'• and Fe' • were calculated assuming Mg2•1Fe2• in the white micas is equivalent to that in co-existing chlorlte. 
** The stoichiometric formula unit is assumed to have a total cation charge of +22 to balance the -22 charge of 0 1o(OH), in the standard formula . Any deficit of cation charge by analysed elements listed above 
is assumed to be charge-balanced by H,o• In the interlayer site. Any interlayer sites remaining unfilled by charged species are filled by neutral H20 molecules; I.e. nH20 = 1-nK-nNa-nc. -nH•o. See Loucks (1991) for 
theoretical and analytical justification and additional procedural details. 
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compositions were recalculated as structural formulae, based on the following 
assumptions regarding stoichiometry and charge balance: 1) the proportions of elements 
Si, Al, Fe, Mg, Ti, Cr and Mn were normalised to a sum of 6 atoms (the number of 
octahedral and tetrahedral sites per formula unit) while K, Na and Ca atomic proportions 
were multiplied by the same normalisation factor; 2) the one interlayer site per formula 
unit (PFU) may be occupied by some unanalysed H20 or H30+ instead of analysed K, Na 
and Ca, so the proportion of structurally bound water in the interlayer site was calculated 
as the deficit in the interlayer site occupancy by K, Na, and Ca atoms, i.e., 1-K-Na-Ca; 3) 
the proportions of H30+ and H20 were determined by the amount of positive charge 
needed to balance the negative charge (-22) supplied by 0 10(0H)2 per formula unit, after 
apportioning charge between Fe2+ and Fe3+ such that the Mg/Fe2+ ratio in sericite is 
equivalent to that in co-existing chlorite. 
9.4 RESULTS OF THE SBW SPECTRAL RATIO CALIBRATION WITH 
WHITE MICA CHEMISTRY 
9.4.1 Correlation Between SBW Ratio and White Mica Chemistry 
Electron-microprobe analyses of sericite samples have several systematic correlations 
with the SBW spectral parameter. These are plotted on Figures 9.9a-e. The correlations 
define trends from low structurally bound water contents in white mica from the deep, 
central and hotter regions of the deposit to higher structurally bound water contents 
upward and outward to the cooler, shallower and distal regions of the deposit. 
The principal correlation between the SBW ratio derived from PIMA spectra, and 
microprobe chemical data on white micas, is a progressive increase in structurally bound 
water ( ~0.05~0.25 atoms PFU) and a corresponding decrease in potassium content in the 
interlayer site (~0.85~0.76 atoms PFU; Figures 9.9c,d). In Figure 9.9c, the samples 
having lower SBW values by PIMA (SBW = 1-3) have the most total interlayer water 
(H20 + H30+), i.e. [K +Na]= 0.77-0.82 PFU by electron micro-probe, so [H20 + H30+] 
= 0.18-0.23 PFU. In contrast, the samples with the highest SBW values by PIMA (7.64) 
have the least total molecular water (Figure 9.9c and Table 9.2) while the tetrahedral 
Si:Al ratio is ~ 3: 1 in the sample with the highest SBW ratio, as in stoichiometric 
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Figure 9.9 Plot of the structurally bound water spectral ratio (SBW value) for white micas vs 
chemical composition of the white mica calibration samples. The SBW ratio correlates directly 
with potassium content in the interlayer site ( e) and inversely with the total water (H20 + H30) 
in the interlayer site ( c ). The structurally bound water within the Tampakan potassic white micas 
occurs principally as neutral molecular water (H20) with subordinate hydronium ion (d). This 
indicates that the departure of the potassic white micas from pure stoiciometric muscovite is due 
chiefly to a hydropyrophyllite molecular component within the crystal lattice rather than a 
hydromuscovite molecular component. 
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muscovite and paragonite (Table 9.2; Si= 3.06 atoms PFU and AlTET = 0.94 atoms PFU). 
Charge-balance calculations reveal that hydronium ion (H30l is a minor and nearly 
constant component of the interlayer water whereas neutral water molecules (H20) are 
the dominant and variable component of interlayer water (Figure 9.9d). These variations 
in water and potassium contents mainly occur via the 1,3 ~ 0,4 charge-coupled 
substitution in interlayer and tetrahedral sites: KINTAlTET ~ (H20)INTs?ET; i.e., 
replacement of the muscovite molecular component by a hydropyrophyllite molecular 
component in the mica solid-solution. Tetrahedral (and total) aluminium decreases with 
increasing structurally bound water contents (i.e. lower SBW ratios; Figures 9.9a,b) due 
to hydropyrophyllite substitution. 
9.4.2 Spatial Zonation of the SBW Ratio and White Mica Chemistry - Tracking 
Physico-Chemical Conditions and Processes Through the Hydrothermal 
System. 
Figure 9.9d shows that structurally bound water in the Tampakan illites is mostly 
uncharged, and chemographic relations in Figure 9 .4 requires that bound neutral H20 
varies monotonically with temperature in assemblages of illite + another Al-Si-0-H 
mineral. So using it as a qualitative proxy for temperature, the SBW ratio was contoured 
using an algorithm in the MICROMINE© software package in plan view (Figure 9.10), 
long-section (Figure 9.1 la) and along four cross-sections (Figure 9.12). 
All three of these contour distributions show informative patterns. Contours of the 
structurally bound water content of potassic white micas in plan view over the entire 
Tampakan drillgrid (Figure 9 .10) reveal a distinct annular zone of low structurally bound 
water content and high SBW ratios > 1.80. This zone is approximately 500 metres in 
diameter and is centered on cross-section 715790 mN. This annular zone in which white 
micas have low structurally bound water contents, and are nearest to stoichiometric 
muscovite in composition, coincides with the central higher-grade core zone of Cu and 
Au mineralisation. The annular shape of this zone suggests that it may represent the 
principal magmatic vapor plume (vapor - see Chapter 11) within the Tampakan deposit. 
Chapter 9 Infrared Spectral Mapping of Alteration Mineralogy -
Calibration of Potassic White Mica Chemistry with Reflectance Spectra 
505000 mE 
717000 mN 
Central Core of Low Structurally Bound 
Water (SBW spectral ratio> 1.8) 
and High Potassium Content In 
White Micas Is Coincident with 
the Core of Highest Cu and Au 
Grades, and De!lnes the 
Location of the Magmatic 
Vapor Plume 
716000 mN 
>0.5% 
Cu Outline 
715000 mN 
506000 mE 
SBW Spectral 
-------~ Ratio 
•< 0.30 
• 0.30-0.75 
D o.1s-1.20 
D 1.20-1.50 
D 1.50 -1.80 
D 1.80-2.10 
• 2.10-2.40 
. 2.40-2.70 
• >2.70 
>0.3 git 
Au Outline 
387 
Figure 9 .10 Continuous colour-shaded contours of the white mica structurally bound water (SBW value) 
PIMA spectral parameter [i.e., the OCT-OH absorption trough (2180-2230 nm) I SBW absorption trough 
(1880-1920 nm)]. The data were contoured from 1960 PIMA data-points collected from drillholes whose 
nearly overlapping traces are projected and depicted by the horizontal white lines. All data points were 
projected to a common horizontal datum plane. The area contoured broadly defines the entire mineralised 
Tampakan drillgrid. Dark red zones indicate areas of lowest structurally bound water and highest potassium 
in the white mica interlayer site, and are closest in composition to stoichiometric muscovite. The green and 
blue regions reflect increased substitution of neutral water for potassium in the white micas interlayer site 
and an outward increasing hydropyrophyllite component within the white micas. The core zone (purple) 
with SBW values > l.8 coincides with the higher-grade core to the Cu (red outline) and Au (black outline) 
mineralisation. Because the hydropyrophyllite component of white micas increases with decreasing 
temperature, the SBW ratio in potassic white micas plotted above closely tracks the inferred "temporally 
integrated' hydrothermal fluid temperature gradients at the deposit scale. 
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Figure 9.11. (A - opposite) Continuous colour-shaded contours of the white mica structurally 
bound water (SBW value) PIMA spectral parameter along the NNE-SSW-oriented long-section 
shown in Figure 9.5. Purple zones indicate areas of lowest structurally bound water and highest 
potassium in the white mica interlayer site, and are closest in composition to stoichiometric 
muscovite. The lighter tones reflect progressively higher substitution of neutral water for 
potassium in the white micas interlayer site and a progressive outward transition to increasingly 
illitic compositions. White hachure defines areas where silica is more abundant than 
aluminosilicates. The gently dipping zone of mica with low structurally bound water contents 
coincides with the base of the lowermost zone of massive silicification. This relationship 
suggests that silicification, upon fluid mixing within stratabound aquifers, resulted in the early 
formation of an effective aquaclude that forced rising hydrothermal fluids to pond beneath the 
silica cap. (B) Contours of the OCT-OH-A spectral parameter are discussed in §9.5. The spatial 
zonation of the OCT-OH-A absorption wavelength value reflects increasing Fe and Mg 
substitution for Al in white micas at deeper levels in the deposit. 
In long-section (Figure 9.lla), the zone of lowest structurally bound water content 
(SBW ratio >2) occurs in the deep, central portions of the deposit around drillholes Tmpd 
62 and Tmpd 6. This core zone of nearly stoichiometric muscovite grades upward and 
laterally outward along the gross stratigraphic trend to white micas enriched in 
structurally-bound-water. 
Furthermore, the core of higher-temperature, nearly stoichiometric muscovite is 
coincident with the lower portion of the silicified ore-zone (Figure 9.1 la - white hachured 
region). This suggests that the centre of upwelling magmatic-hydrothermal fluids was 
located around drillhole Tmpd 62. Potassium-rich white micas, with low structurally 
bound water contents, are not observed above the upper gently SSW-dipping silica cap, 
but are generally coincident with the lowermost silica-enriched horizon (Figure 9.lla) 
and locally extend along the base of this lower silica-enriched zone towards the north. 
These relationships suggest that the gently dipping horizons of silicification became 
effective aquacludes that restrained hydrothermal fluid upflow and permitted widespread 
hydrothermal brecciation within the advanced-argillic lithocap (Chapter 8). 
Contours of the white mica SBW ratio along four cross-sections (Figure 9.12) also 
indicate that the water-poor micas occur in a deep-seated root zone on all four sections, 
with the most extensive zone of low structurally bound water (i.e. high SBW ratio) 
occurring on cross-section 715790 mN. This section intersects the principal inferred 
magmatic vapor plume illustrated in Figure 9.10. The zonation from deep, high-
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Figure 9.12. Continuous colour-shaded contours of the white mica structurally bound water 
(SBW value) PIMA spectral parameter along four cross-sections through the deposit. Red and 
purple zones indicate areas of lowest structurally bound water and highest potassium in the white 
mica interlayer site, and are closest in composition to stoichiometric muscovite. The yellow-to-
blue regions reflect progressively higher substitution of neutral water for potassium in the white 
micas interlayer site and a progressive outward transition to increasingly illitic compositions. 
The characteristic gradients of upward and down-dip westward increasing structurally bound 
water contents in white mica (above) correlate closely with similar trends in the grade of 
mineralisation on these sections (Figure 9.13 opposite). White cross-hachured regions define 
areas where silica is more abundant than aluminosilicates. The distribution of hydrothermal silica 
on cross-sections 716270 mN, 715790 mN and 714670 mN are broadly located on the upslope 
(eastern) interface between ascending hydrothermal fluids (white arrows) and their intersection 
with laterally westward-flowing groundwater that is postulated to cause the deflection down-
palaeo-slope in the temperature-dependant SBW ratio. These zones of silicification are 
interpreted as areas of fluid mixing. 
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Figure 9.13. Contours of copper and gold grade along the northern-most (716270 mN) and 
southern-most (714670 mN) cross-sections. Dark grey zones indicate areas of highest 
mineralisation grade while lighter areas represent lower grades. The characteristic gradients of 
upward and down-slope westward-decreasing copper and gold tenor correlates broadly with 
similar trends in the structurally bound water content of co-existing potassic white micas (see 
Figure 9.12; opposite, top and bottom). 
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temperature, water-poor and potassium-rich muscovite to increasingly shallower, cooler 
and more water-emiched white micas with an increasing hydropyrophyllite component 
shows an asymmetry stretching westward, down-dip of strata, in all cross-sections. This 
geometry suggests that the higher-temperature magmatic fluids rose and then flowed 
westward at shallower levels as they became entrained into an overlying, westward-
flowing groundwater system. Isotopic evidence for the involvement of meteoric · 
groundwater is presented in Chapters 10 and 11. Because the substitution of 
hydropyrophyllite into the white mica crystal structure is highly temperature-dependant 
(Figure 9.4), the cross-section plots of the contoured structurally bound water content of 
white micas can be viewed as 'pseudo-isotherm' maps. The westward asymmetry is 
caused by the radially down-dip groundwater outflow characteristic of large 
stratovolcanic cones (Chapter 11 ). 
The Tampakan deposit is located on the western flank of a deeply eroded stratovolcanic 
centre identified in digitally enhanced topographic data. Deep groundwater within the 
shallow levels of the deposit would flow along stratigraphic aquifers (or along a sub-
parallel erosional unconformity surface) from recharge regions in the east around the now 
eroded summit crater, and down-dip towards to the west (Figure 11.11, Chapter 11). The 
outlines of massive silica emichment along all four contoured cross-sections are shown in 
Figure 9 .12. At the scale of the cross-sections, the silica-rich portions of the deposit are 
broadly located near the "dog-leg"of the SBW ratio contours, where an interpreted 
ascending magmatic fluid plume is entrained into a westward-flowing groundwater 
system. This relationship would be more evident if the cross-sections were expanded to 
the west where the silica content progressively decreases. This relationship suggests that 
much of the silicification at Tampakan accompanied cooling of the hydrothermal fluid 
and/or mixing with silica-saturated groundwaters. 
There is a broad correlation in the gross shape and position of the contoured Cu and Au 
grade envelopes (Figure 9.13) and contours of the more water-deficient potassic white 
micas. This correlation is most strongly developed on cross-sections 716270 mN and 
714670 mN (Figure 9.13) that lie along the northern and southern periphery of the 
deposit. This broad spatial correlation supports interpretations above, that there is a 
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common physico-chemical master variable that most strongly controlled mineralisation 
grade and the structurally bound water content of potassic white micas. This variable is 
predominantly temperature, which varies principally with proportions of fluid mixing. 
The trend from nearly pure muscovite m the deep core of the high-sulphidation 
alteration zone to a progressively increasing hydropyrophyllite component at shallower 
levels towards the outer and upper fringes of the observed alteration, is consistent with 
the expected trend of increasing silica activity as hydrothermal fluids cool and 
progressively mix while rising and migrating laterally away from major fault conduits and 
into stratigraphic zones of high permeability. The increase in silica content within the 
white mica (3.06 to 3.24 atoms PFU) with decreasing SBW values and higher interlayer 
water contents may also reflect the upward and outward increase in silica activity as 
hydrothermal fluids cool and mix with meteoric water. 
9.4.3 Palaeo-temperature Relationship Between SBW and Mineralisation Grade 
Cu and Au grades from 1768 drill core intervals in which potassic white reflectance 
spectra were acquired, are plotted against the SBW ratio. There is an inverse correlation 
(Figure 9.14) whereby samples with lower structurally bound water contents in potassic 
white micas are associated with higher Cu and Au grades. This relationship supports the 
notion that temperature is the principal physical variable that controls the structurally 
bound water content of potassic white micas. 
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Figure 9 .14 Relationship between 
Cu and Au grade and the 
structurally bound water content 
of white micas (1768 data points). 
Cu and Au grades decrease and 
the bound water content in white 
micas increases as temperature ( ± 
pH and salinity) decreases from 
the core of the deposit outwards to 
the periphery. 
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9.5 RESULTS OF THE OCT-OH WAVELENGTH CALIBRATION WITH 
WHITE MICA CHEMISTRY 
9.5.1 Correlation Between OCT-OH Wavelength and White Mica Chemistry 
The potassic white mica reflectance spectra from Tampak:an display significant 
variation in the wavelength of the principal OCT-OH absorption feature (2181~2212 
nm; Figure 9.8), which suggests there is significant variation of element species and/or 
degree of cation substitution in the octahedral lattice sites. The absorption wavelength of 
the bond between OH and the octahedral cation will be referred to as OCT-OH-A.. The 
OCT-OH-A. spectral parameter displays consistent vertical zonation through the 
Tampak:an orebody, and consequently a calibration against electron-microprobe 
composition was conducted on 11 samples that have OCT-OH-A. spectral values that 
cover the full range displayed by the Tampak:an white mica data-set. The spectra of the 11 
calibration samples are plotted in Figure 9.7. Figure 9.6 displays the typical infrared 
OCT-OH absorption trough for an illite and a muscovite. The wavelength of the deepest 
portion of the OCT-OH absorption trough was calculated for the entire white mica PIMA 
dataset using the PIMACALC© software package. 
The compositions of potassic white micas, determined by electron-microprobe analysis, 
show several correlations with the wavelength of OCT-OH infrared absorption (OCT-
OH-A.). The microprobe chemical data are plotted in Figures 9.15a-f. The chemical 
zonation patterns are discussed from long to short wavelengths. This trend reflects that 
seen from deep sources within early diorite porphyry dykes and stocks, to progressively 
shallower and cooler regions in the hydrothermal system (Figure 9 .11 ). 
The principal correlation between the PIMA OCT-OH-A and chemical compositions of 
white micas is a progressive decrease in the proportion of divalent cations (Fe2+ + Mg2+) 
with respect to trivalent cations (Al3+ + Fe3+) in the octahedral lattice site at shorter 
infrared absorption wavelengths. This relationship is plotted in Figure 9. l 5e as the 
average total charge of all cations in the octahedral site. The OCT-OH-A. infrared 
absorption is due to ''vibration and stretching" excitement of the hydroxyl molecule that is 
bonded to cations (mostly Al) in the octahedral lattice site (Figure 9.1). The average 
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Figure 9 .15. Atoms per formula unit ( electron-microprobe data) plotted against shortwave 
infrared wavelength of OCT-OH absorption (PIMA spectral data). The wavelength of OCT-OH 
absorption is linearly correlated with the average total ionic charge in the octahedral lattice site 
(e). Because Al is the dominant octahedral cation (Alocr >> MgocT + Fe0 cr), Al abundances 
show better correlation with OCT-OH-/.. than Fe and Mg. The infrared absorption wavelength of 
octahedral cation - hydroxyl bonds is a function of the relative proportion of divalent to trivalent 
charged cations in the octahedral lattice site to which the hydroxyl group is bonded. Greater Mg 
and ferrous Fe substitution for Al in the octahedral site is favoured at higher temperatures and 
results in longer absorption wavelengths. Under more oxidised conditions at shallow levels, 
ferric Fe is increasingly abundant in the octahedral lattice site (f). The increase in the relative 
proportion of trivalent cations under increasingly oxidised conditions causes the Al-OH 
absorption trough to shift to lower wavelengths. 
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"strength/length", or "elasticity", of the "OCT cation-OH" bond (where AlocT >>Fe+ Mg) 
is influenced by the total average charge (i.e. proportion of divalent vs trivalent cations) 
in octahedral sites. Although individual cation species (AI3+ ocT, FeTotal and Mg2+; 
Figures 9.15 b,c,d) show variable trends across the wavelength range (2209 run to 2181 
run) of OCT-OH absorption, a plot of the average ionic charge of octahedral cations 
(Figure 9. l 5e) reveals a consistent linear relationship. The increasing proportion of 
trivalent (mostly AlocT) over divalent cations at shorter OCT-OH-A absorption 
wavelengths generates higher "average" net positive charge in the octahedral site (Figure 
9.15e) and a corresponding lower net "average" charge in the adjacent tetrahedral sites 
(for micas undergoing AL OCT AL TET B R2+ocT SiTET exchange). This progressive change 
in the total charge distribution in OCT and TET sites between samples affects the relative 
strength of the OCT cation-OH bond. Increasing octahedral charge and decreasing 
tetrahedral charge overall strengthens the OCTcation-OH bond, which in tum requires 
higher energies (and shorter wavelengths) of infrared radiation to excite/vibrate the 
cation-hydroxyl bonds. 
A decrease in OCT-OH-A from high-values (2209 run) to low-values (2181 run) is 
accompanied by a decrease in total silicon (3.33 to 3.21 atoms PFU; Figure 9.15a) and an 
attendant increase in aluminium in both the octahedral and tetrahedral lattice sites (Figure 
9.15b). These variations in silicon, OCT-TET aluminium and the relative proportion of 
divalent to trivalent cations in the octahedral site, occur via the Tschermak exchanges: 
AL ocT AL TET B MgoCT SiTET and AL ocT AL TET B Fe2+ocT SiTET. 
9.5.3 Relationship Between OCT-OH Infrared Absorption Wavelength and 
Mineralisation Grade 
Cu and Au grades from 1875 drillcore intervals were plotted against the OCT-OH-A 
wavelength derived from PIMA analyses of potassic white micas obtained from the same 
drillcore intervals. Higher Cu and Au grades tend to be associated with the OCT-OH-A 
interval of2190-2197.5 run (Figure 9.16): 73.6 % of the Cu grades above 0.2% and 73.2 
% of the Au grades above 0.1 git fall in the 2190-2197.5 run band. This relationship is 
also illustrated in Figure 9 .17 wherein Cu, Au, As and Hg all display grade maxima in 
this narrow 2190-2197.5 run absorption band. Figures 9.15c,d and 9.16 collectively show 
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Figure 9 .17. Histogram of the number of PIMA spectra measured in each OCT-OH absorption 
wavelength bin. The grade distribution for Cu, Au, As and Hg is based on an average grade 
obtained from the drillcore intervals used to obtain the PIMA white mica OCT-OH absorption 
wavelength data. All elements display maxima in the wavelength interval 2190-2197 run. Both 
Hg and As display a sharp and distinct grade maxima over the narrow white mica OCT-OH 
absorption wavelength interval of 2190-2193 run that is coincident with maxima in both Cu and 
Au distribution. These peaks may represent zones of focussed magmatic vapor discharge due to 
the extreme volatility of mercury and arsenic. This narrow wavelength range is associated with 
Fe and Mg depletion in potassic white micas (Figures 9.15c,d) and may relate to the generation 
of acidic conditions in areas of focussed vapour discharge into overlying meteoric water. Intense 
acid leaching in this environment removes Fe and Mg from the host-rocks, making them 
unavailable for incorporation into sericites that form in this low-pH environment. 
that samples with OCT-OH-A values of 2190 nm to 2193 nm which fall in this narrow 
wavelength range where Hg and As grades peak, are associated with extreme minima in 
Fe and Mg atoms PFU in white micas. Both As and Hg are highly volatile species which 
~ 
"C 
0 
CJ 
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are readily transported in the vapour phase. The Hg and As maxima (Figure 9 .17) may 
represent regions of focussed magmatic vapor discharge, and that the corresponding 
minima in Fe and Mg contents in the potassic white micas (Figures 9.15c,d) over this 
narrow wavelength range reflect the extremely acidic conditions that develop when 
magmatic vapour (H20, HCl and H1S) condenses into oxidising groundwaters. The 
resultant low-pH fluids effectively leach all Fe and Mg from the host-rock and so the 
white micas formed under these low-pH conditions are Fe- and Mg-deficient. The 
associated peaks in Cu and Au grade over the same narrow 2190-2193 nm range of 
wavelengths are consistent with inferred vapor-phase transport of Cu and Au (Heinrich et 
al. 1999). 
9.5.3 Deposit-scale Zonation Patterns in OCT-OH Absorption Wavelength 
In long-section (Figure 9.llb), the OCT-OH-A. values decrease systematically from the 
deepest parts of drillholes Tmpd 8 and Tmpd 57, both upward to shallower levels and 
southward. This deep region of high OCT-OH-A. values coincides with the location of 
pre-high-sulphidation-stage diorite intrusions that display relics of potassic alteration 
(Figure 8.6). The high OCT-OH-A. values correlate with significant substitution of Fe2+ 
and Mg for Al in the octahedral lattice sites (Figure 9.15e). The presence of chlorite in 
association with sericite at deeper, hotter levels indicates that substantial Fe and Mg are 
available for substitution into octahedral lattice sites of sericite via the Tschermak 
exchange (Guidotti 1984), thus producing a greater phengite component. The upward 
decreasing Fe and Mg content of the sequential alteration facies (biotite~sericite­
chlorite~phyllic~advanced-argillic) as a result of increasingly acidic conditions which 
have progressively leached the host rock of Mg and fixed Fe as sulfides, results in less 
ferrous Fe and Mg available for substitution into the white micas at shallower levels, and 
thus produces a decrease in the OCT-OH-A. values. Furthermore, Figure 9.15f shows a 
progressive increase in the ferric iron to ferrous iron ratio towards the lower OCT-OH-A. 
values, indicating increasingly oxidised conditions at higher levels. The higher Fe3+/(Fe3+ 
+ Fe2+) ratios at lower OCT-OH-A. values (Figure 9.15f) may reflect more oxidised 
conditions at higher levels and peripheral regions of the hydrothermal system where 
interaction with oxidised surficial waters was more prevalent. 
399 
Chapter 9 Infrared Spectral Mapping of Alteration Mineralogy -
Calibration of Potassic White Mica Chemistry with Reflectance Spectra 
9.6 CONCLUSIONS 
The calibration of the SBW and OCT-OH-A. spectral parameters with chemical 
composition of potassic white micas reveals that consistent chemical trends in the 
composition of potassic white micas can be mapped across a range of magmatic 
hydrothermal alteration environments by using rapidly acquired mineral infrared 
reflectance spectra. Several physico-chemical variables and processes can be linked to 
these potassic white mica chemical and spectral variations and spatially tracked in 
magmatic hydrothermal systems using infrared reflectance spectra. 
The SBW spectral parameter that tracks the structurally bound water content of potassic 
white micas displays a central, deep-seated high-temperature zone of nearly 
stoichiometric muscovite that is coincident with the locus of higher-grade mineralisation 
and an inferred magmatic vapor plume. This zone is transitional to shallower and 
peripheral regions where there is an increasing expression of a hydropyrophyllite 
molecular component within the potassic white mica crystal structure, and where Cu and 
Au grades decline. This zonation is also coincident with increasing silica contents PFU of 
white mica, and is interpreted to indicate increased silica activity as rising hydrothermal 
fluids cool and mix with overlying meteoric-water-dominated aquifers and become 
increasingly silica supersaturated. Phase equilibria indicate that this spectral parameter in 
the Tampakan high-sulphidation epithermal deposit reflects both time-integrated palaeo-
temperature gradients as well as time-integrated gradients in activity of Si02 (aq)· 
The potassic white micas within the Tampakan deposit reveal marked asymmetric 
spatial trends in the distribution of the structurally bound water content of potassic white 
micas in cross-topographic sections. These trends reflect a central deep-level zone of 
high-fluid-temperature, with cooling paths deflected down-palaeo-slope at shallower 
levels in the deposit. This geometry is interpreted as mixing between ascending, high-
temperature magmatic hydrothermal fluids and westward down-slope flowing meteoric-
water within a volcano-stratigraphic aquifer (Figure 9 .18). This interpretation is 
supported by: 1) the localisation of massive silicification at the "dog-leg" junction 
between an ascending magmatic plume and an inferred west-dipping palaeo-watertable; 
2) the geometric definition of an eroded palaeo-volcanic edifice (from topographic data) 
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that is centred up-slope of the fluid dispersion direction, indicating topographic-forcing 
of fluid-flow; 3) Isotopic evidence is presented in Chapters 10 and 11 for fluid mixing 
and lateral outflow down the volcano flank. Spectral data from the Tampakan 
hydrothermal system suggests that it is a superb example of hydrothermal plume and 
groundwater interaction and downslope dispersion. 
Fluid mixing interface 
and silicification along 
upper portions of aquifer 
Massive hydrothermal silica 
and silica-clay bodies developed 
within mixing zone on up-slope side ' J 
of plume-aquifer intersection ff 
I ¥ Recharge from surface and summit vent 
¥ 
------ 200°c 
~-- 2so0 c 
-300°C 
500°C 
High-Level Diorite Stock 
Figure 9.18. Schematic representation of fluid-mixing processes in the Tampakan high-
sulphidation Cu-Au deposit inferred from interpretation of chemically-calibrated PIMA spectral 
data, and supported by stable isotope data (Chapters 10 and 11). Silicification and high-
sulphidation Cu-Au mineralisation at Tampakan was produced by an ascending plume of 
magmatic vapor (Chapter 11) that mixed with an overlying shallow meteoric groundwater system 
within a stratabound volcano-flank aquifer. Entrainment and downslope dispersion of the vapor 
plume into a palaeo-watertable produces asymmetric downslope cooling gradients that are 
reflected in the varying composition of white mica alteration along the cooling and mixing path. 
401 
Chapter 9 Infrared Spectral Mapping of Alteration Mineralogy -
Calibration of Potassic White Mica Chemistry with Reflectance Spectra 
9.7 REFERENCES 
Clarke, R.N., King, T.V.V. Klejwa, M., Swayze, G.A. and Vergo, N. 1990. High spectral 
resolution reflectance spectroscopy of minerals. Journal of Geophysical Research, 95 
(138), pp. 12,653-12,680. 
Duke, E.F. 1994. Near infrared spectra of muscovite, Tschermak substitution, and metamorphic 
reaction progress: Implications for remote sensing. Geology, 22, pp. 621-624. 
Foster, M.D. 1962. Interpretations of the composition and classification for the chlorites. U.S. 
Geological Survey Professional Paper 414A, 33p. 
Fraser, S.J., Camuti, K., Huntington, J.J. and Cuff, C. 1990. A study of the superficial clay 
distribution at Mount Leyshon: a comparison between XRD and spectral reflectance 
methods: In: Proceedings of the Fifth Australasian Remote Sensing Conference, pp. 
906-914. 
Guidotti, C.V. 1984. Mica in metamorphic rocks: In: Bailey, S.W. (ed.), Reviews in Mineralogy 
Volume 13 Micas: Mineralogical Society of America. 
Heinrich, C.A., Gunther, D., Audetat, A., Ulrich, T. and Frischknecht, R. 1999. Metal 
fractionation between magmatic brine and vapor, determined by microanalysis of fluid 
inclusions. Geology, 27., p.755-758. 
Kruse, F. and Hauff, P. 1991. Illite crystallinity - case histories using x-ray diffraction and 
reflectance spectroscopy to define ore host environments. In: Proceedings of the Eighth 
ERIM Thematic Conference on Geologic Remote Sensing, pp. 447-458. 
Kubler, B., 1964. Les argiles, indicateurs de metamorphisme. Rev. Instit. Franc. Petrole, 19, p. 
1093-1112. 
Loucks, R.R. 1991. The bound interlayer H20 content of potassic white micas: Muscovite-
hydromuscovite-hydropyrophyllite solutions. American Mineralogist, 76, pp. 1563-
1579. 
McLeod, R.L., Gabell, A.R., Green, A.A. and Gardavsky, V. 1987. Chlorite infrared spectral 
data as proximity indicators of volcanogenic massive sulfide mineralisation. In: 
Proceedings of the Pacific Rim Congress, pp. 321-324. 
Pontual, S., Merry, N. and Cocks, T. 1995. Field-based alteration mapping using the PIMA. 
Proceedings of the 1995 PACRIMCongress, pp. 479-484. 
Pontual, S., Merry, N. and Gamson, P. 1997. Spectral interpretation field manual. Auspec 
International Pty Ltd. 
Post, J.L. and Noble, P.N. 1993. The near-infrared combination band frequencies of dioctahedral 
smectites, micas, and illites. Clays and Clay Minerals, 41(6), pp. 639-644. 
402 
Chapter 9 Infrared Spectral Mapping of Alteration Mineralogy -
Calibration of Potassic White Mica Chemistry with Reflectance Spectra 
Rieder M., Cavazzini G., D'Yakonov Yu., Frank-Kamenetskii V.A., Gottardi G., Guggenheim S., 
Koval P.V., Muller, G., Neiva A.M.R., Radoslovich E.W., Robert J.L., Sassi F.P., 
Takeda H., Weiss Z. and Wones, D.R. 1998. Nomenclature of the micas. American 
Mineralogist, 83, pp. 1366. 
Srodon, J. 1979. Correlation between coal and clay diagenesis in the Carboniferous of the 
Upper Silesian coal basin. Proceedings of the International Clay Conference, Oxford, 
pp. 251-260. 
Thompson, J. 1995. Exploration and research related to porphyry deposits. In: Schroeter, T.G. 
(ed.), Porphyry Deposits of the Northwestern Cordillera of North America, pp. 857-
870. 
Thompson, A.J.B., Hauff, P.L. and Robitaille, A.J. 1999. Alteration mapping in exploration: 
Application of short-wave infrared (SWIR) spectroscopy. SEG Newsletter, 39, 
October 1999, pp. 15-27. 
Walter, J.V. and Helgeson, H.C. 1977. Calculation of the thermodynamic properties of aqueous 
silica and the solubility of quartz and its polymorphs at high pressures and 
temperatures. American Journal of Science, 277, pp. 1315-1351. 
Weaver, C.E. and Broekstra, B.R. 1984. Illite-mica. In: Weaver, C.E., and Associates, Shale 
Slate Metamorphism in Southern Appalachians. Elsevier, Amsterdam, pp. 67-199. 
Chapter 10 Stable Isotope Systematics of Porphyry and Epithermal Ore-Forming Fluids 
CHAPTERlO 
STABLE ISOTOPE SYSTEMATICS OF 
PORPHYRY AND EPITHERMAL ORE-FORMING FLUIDS 
10.1 INTRODUCTION 
403 
Mixing between an ascending, magmatic-vapor-dominated hydrothermal plume and 
topographically-forced groundwater in a stratabound aquifer along the western flank of 
the volcanic centre was inferred in Chapter 9 from the spatial contour geometry of 
infrared spectral parameters of potassic white micas. In this chapter, the stable-isotope 
compositions of end-member magmatic and meteoric waters, and of hybrid fluids 
associated with mineralisation, are determined from igneous hornblende and biotite 
phenocrysts, porphyry-stage biotite and chlorite alteration, and high-sulphidation-stage 
sericite and quartz alteration. This stable isotope study aims to further test the fluid 
mixing interpretation from Chapter 9. Identification of isotopic compositions of fluid 
end-members (magmatic and meteoric) is required to model the geometry of 
hydrothermal fluid outflow and the mixing proportions of end-member fluids. The stable 
isotopic compositions of magmatic and meteoric fluids calculated in this chapter are 
integrated with district-scale whole-rock 8180 data in Chapter 11 to construct a volcano-
scale palaeohydrological model for the Tampakan high-sulphidation hydrothermal 
system. 
Fluid mixing between magmatic fluids and meteoric water has been widely recognised 
and demonstrated in stable isotope and other studies of porphyry Cu ore systems 
(Burnham 1979; Reynolds and Beane, 1985; Bowman et al. 1987; Hedenquist and 
Lowenstern, 1994) and of high-sulphidation epithermal Cu-Au systems (Rye et al. 1989; 
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Hedenquist and Aoki, 1991; Vennemann et al. 1993; Deen et al. 1994; Hedenquist et al. 
1998; Watanabe and Hedenquist, 2001). 
10.2 METHODS 
6180 and 6D data were measured on phenocrysts from eight samples that range in age 
from 6.48 Ma to ~0.1 Ma. Duplicate 0180 analyses were conducted on seven hornblende 
separates and two biotite separates. oD analyses were conducted on six hornblende 
samples and one biotite sample. The phenocrysts were concentrated from the freshest 
available rocks collected from surface outcrop and drillcore. 6180 and 6D analyses were 
conducted on fine-grained hydrothermal biotite and chlorite from the porphyry-stage 
potassic-to-propylitic alteration boundary. 0180 data were also acquired from silica 
alteration within this alteration facies. The samples were collected from near the base of 
drillhole Tmpd 8 (Chapter 4 - Figure 4.7) and are the deepest available samples from the 
deposit. 6180 and 6D data were also acquired from high-sulphidation-stage hydrothermal 
muscovite, and 6180 from co-existing quartz. 
Oxygen isotope analyses were conducted at the Research School of Earth Sciences 
using a conventional oxygen isotope line. Bromine-pentafluoride (BrF 5) was the 
fluorinating reagent used to liberate oxygen gas. The procedures are similar to those 
described by Clayton and Mayeda (1963). Oxygen liberated by reaction with BrF5 at 480-
5500C was converted to C02 gas by reaction with a hot carbon rod. The C02 gas was 
purified by selective condensation prior to cold-trap collection and storage in sealed glass 
tubes. Isotopic analyses were conducted on a Finnigan MAT-251 stable-isotope mass 
spectrometer. All isotopic data are reported as 6 values in per mil relative to Standard 
Mean Ocean Water (SMOW). The quartz standard NBS 28 (9.64%0) was used. Standard 
1 s.d. errors for the data are± 0.5%o for 6180 and± 3%o for 6D. 
Hydrogen isotope analyses were done by Professor Edward Ripley, Department of 
Geological Sciences, Indiana University and by Dr J.Palin using the facilities at the 
U.S.G.S. in Denver, Colorado. The technique used was similar to that ofVennemann and 
ONeil (1993). The samples were pre-heated in a vacuum oven at 200°C and 350°C prior 
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to fusion in quartz tubes. The extracted water was reacted with zinc to produce H2 gas. 
The gases were analysed on a Finnigan MAT-252 isotope ratio mass spectrometer. High 
yields were obtained on serpentine and biotite standards. The serpentine standard has a 
oD value of -66 ± 2%o, and values of -64%0 and -68%0 were obtained. Values of oD for 
NBS-30 biotite typically range between -60%0 and -70%0 depending on the sample 
aliquot. The NBS-30 standard that was run with the samples yielded a oD value of -66%0. 
Typical standard deviations for the oD standards were <0.3%o. The oD data for the 
hydrothermal biotite-chlorite mixtures were acquired by Dr J.M. Palin using the USGS 
facility in Denver, Colorado. 
The fine grainsize of the porphyry-stage hydrothermal biotite and chlorite intergrowths 
( <60 µm), their similar densities, and the very fine grainsize of high-sulphidation-stage 
quartz and sericite intergrowths ( <20 µm) precluded efficient mineral separation. 
Consequently 8180 and oD analyses were determined on several biotite+chlorite mixtures, 
and several sericite+quartz mixtures, in which the known relative proportions of each 
mineral varied substantially. The end-member composition of pure biotite, chlorite and 
sericite was determined by linear extrapolation (Figures 10.1 and 10.2). 
10.3 MAGMATIC, HYDROTHERMAL AND METEORIC WATER 
10.3.1 Magmatic Water 
The 8180 and oD values of hornblende and biotite phenocrysts are listed in Table 10.1. 
The mean 8180 value of duplicate analyses ranges from 4.9%o to 6.3%0. Six of the seven 
oD analyses range from -72%0 to -79%0. Sample EA043214 yielded a oDhomblende value of 
- 63%0, which is heavier by more than two standard deviations of the six other oD values. 
This sample was re-heated prior to eruption (§6.3.4; Chapter 6), and this thermal 
perturbation may have affected its oD isotopic composition by re-equilibration with the 
melt at higher temperatures. 
The isotopic values of magmatic fluids in equilibrium with the phenocryst phases 
(Table 10.1) were calculated using the mineral-water fractionation equations of Zheng 
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(1993) for 8180 and Suzuoki and Epstein (1976) for 8D. The temperature constraints 
used are those calculated by geothermometry in Chapter 6, except sample EA0463 77 for 
which the temperature of 800°C was based on the trend of whole-rock wt.% Si02 versus 
temperature in Figure 6.3 (Chapter 6). Because isotopic fractionation factors are relatively 
small at magmatic temperatures, the calculated magmatic fluid 8180 and 8D values are 
approximately 2.1 %0 to 2.4%o and 12.3%0 to 15.4%0 heavier, respectively, than the 
coexisting phenocryst phases. 
Table 10.1 8180 and oD values of hornblende and biotite phenocrysts and residual magmatic 
fluids. 
Sample Mineral 
: : I 
I EA045009 I Hornblende I 
! EA043204 I Hornblende J 
I EA043212 i Hornblende I 
I EA043214 I Hornblende I 
! EA046389 ! Hornblende i 
! EA049678 I Hornblende I 
: EA043207 i Hornblende i 
1 i I 
! EA046377 J Biotite . 
i EA049678 I Biotite 
' ! 
Magmatic 
Temperature 
(OC) 
785 
807 
800 
906 
829 
805 
872 
-800 
805 
8180 8D 
Phenocryst Phenocryst 
4.9%o 
5.6%o 
5.5 o/oo 
5.7 %o 
6.1 %o 
5.6%o 
6.1 %o 
6.3 %o 
5.3 %o 
-74%o 
-74%o 
-72 o/oo 
-63 %o 
-79%o 
-74%o 
-75 %o 
Average 
7.1 %o 1 
7.8%o 1 
7.7%o 1 
7.7%o 1 
8.3 %o 1 
7.8%o 1 
8.2 %o 1 
8.7 %o 2 
7.6 %o 2 
7.9%o 
8Dnuid 
-60.6 %o 3 
-61.4 %o 3 
-59.1%o 3 
-53.7 %o 3 
-67.2 %o 3 
-61.3 %o 3 
-59.6 %o 4 
-61.5 %o * 
1 8180 : 103 lna (Hornbiende-H20) = (3.89(106/T2)- (8.56(103/T)) + 2.43; 0-1200°C; Zheng (1993). 
2 8180: 103 lna (Biotite-H20) = (3.84(106/T2) - (8.76(103/T)) + 2.46; 0-1200°C; Zheng (1993). 
3 8D: 103 lna (Hornblende-mo)= -23 .9(106/T2) + 7.9; 450-800°C; Suzuoki and Epstein (1976). 
4 8D: 103 lna (Biotite-H20) = -22.4(106/T2) + 28.2 + (2XA1 - 4XMg - 68XFe); 450-800°C; Suzuoki and Epstein 
(1976). 
* Average value excludes sample EA043214 in which 8Dhornblende = -63%o. 
The intrusions that exsolved hydrothermal fluids during porphyry-Cu mineralisation, 
and during later high-sulphidation epithermal mineralisation, are not identified within the 
region of drillhole sampling. The calculated 8180 and 8D of magmatic waters for samples 
that span the late Miocene to Recent age interval show consistent "residual" magmatic 
water isotopic values, so it is reasonable to assume that syn-mineralisation intrusions 
would have a similar residual magmatic fluid composition. The average 5 180magmaticfluid is 
+7.9%o and the average 5Dmagmaticfluid is -61.5%0. 
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10.3.2 Porphyry-Cu-Stage Water 
The 3180 and 3D data acquired on hydrothermal biotite and chlorite mixtures are listed 
in Table 10.2. The relative proportions of biotite and chlorite in the mixtures were 
determined by grain counting. The 3180 and 3D values of pure biotite and chlorite were 
estimated by extrapolation of values to 100% biotite and 100% chlorite (Figure 10.1). 
618Q 
60 
3.0 
2.0 
1.0 
0.0 
-1.0 
-2.0 
Blotlte 
l • 
-
• 
---· 
Biotite - Chlorite Mixtures 
Porphyry-Stage Potassic Alteration 
-y _ -0.0091X + 0.7999 • -
• 
Chlorlte 
Biotite 618Q = .0.1 per mil Chlorite 618Q = 0.8 per mil 
3.0 
2.0 
1.0 
0.0 
-1.0 
-2.0 
-3.0 
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-3.0 
0 
-20 
-30 
-40 
-50 
% Biotite 
Biotite - Chlorite Mixtures 
Porphyry-Stage Potassic Alteration 
~-----------------~ -20 
~------------------~~ -30 
Chlorlte 6 D = -58.7 per mil 
~--------·----· -------· -40 
Biotlte 6 D = -80.1 per mil 
-----------chlorite -SO 
61a0 
-60 -60 60 
-70 i----..--- --'----====-=----==- -------+ -70 
-80 -80 
-90 -90 Blotlte 
-100 +-------.-----T"-- --.----..---- --+-100 
100 80 60 40 20 0 
% Biotite 
Figure 10.1 8180 and 8D of porphyry-Cu-stage hydrothermal biotite and chlorite mixtures. 
Pure end-member isotopic compositions were obtained by extrapolation. 
Hydrothermal biotite and quartz appear to be in textural equilibrium. Both occur as 
fine-grained intergrowths disseminated within the outer potassic alteration zone. Chlorite 
occurs with biotite as fine intergrowth textures. However, a small fraction of the chlorite 
locally formed by chloritisation of biotite. 
Equilibrium fractionation of oxygen isotopes between minerals and H20 is dependant 
only on temperature, so the temperature of mineral formation can be calculated from the 
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difference in 8180 between equilibrated mineral pairs. The calculated temperature can 
then be substituted into appropriate fractionation equations to obtain the oxygen isotope 
composition of the fluid from which the minerals crystallised. Hydrothermal biotite and 
quartz were used as a mineral pair to estimate the temperature of porphyry-stage fluids. 
Within the narrow interval where potassic alteration is preserved ( drillhole Tmpd 8), the 
8180 of biotite is -0.1 %0 and the 8180 of quartz is +4.8%0 (Table 10.2). Because the ~­
value (8180quar1z-8180biotite) of quartz-biotite is 4.9, the biotite and quartz are potentially in 
equilibrium. Sheppard et al. (1971) state that ~-values between 3.5 and 5.3 are 
characteristic of quartz-biotite pairs in equilibrium in igneous and high-rank metamorphic 
rocks. The oxygen isotope fractionation factors used for quartz-H20 were taken from 
Matsuhisa et al. (1979), whereas the fractionation factors used for biotite-H20 were taken 
from Richter and Hoemes (1988) and Zheng (1993). The fractionation equation for 
quartz-biotite from Zheng (1993) was also used. The crystallisation temperatures that 
were calculated using these three sets of fractionation equations are 391 cc, 462cc, and 
483cc (Table 10.2). These temperatures lie within the range of temperature estimates that 
were obtained from fluid inclusion data by Fu and Clarke (1994) for porphyry-stage vein 
quartz and silicified breccia clasts in the Tampakan deposit. The variation of saline, 
porphyry-stage fluid inclusion temperatures, which range from 357cc to 511 cc (Figure 
10.3), suggest that the three temperatures calculated from isotope geothermometry are 
equally plausible. Thus the crystallisation temperature of biotite and quartz is constrained 
to lie between ~391 cc and ~483cC. The oxygen isotopic compositions of porphyry-Cu-
stage fluids that would be in equilibrium with hydrothermal biotite and quartz at these 3 
temperatures were calculated using the fractionation factors of Richter and Hoemes 
(1988) for biotite-H20 and of Matsuhisa et al. (1979) for quartz-H20. Quartz-derived 
8 180fluid values range between 0.5%o and 2.3%o whereas biotite-derived 8 180fluid values 
range between l.9%o and 2.1 %0. 
The oDfluid in equilibrium with hydrothermal biotite was calculated usmg the 
fractionation equation of Suzuoki and Epstein (1976). The D/H fractionation is strongly 
dependant on the composition ofbiotite (Suzuoki and Epstein, 1976), and specifically the 
octahedral site cations that lie adjacent to the hydroxyl anion in biotite and which affect 
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Table 10.2 8180 and 8D values of porphyry-stage hydrothermal biotite, chlorite, quartz and 
hydrothermal fluids in equilibrium with biotite and quartz. 
Sample Mineral 
B1so BD 
Drillhole - Depth (m) Mineral Mineral 
Tmpd 8 - 489.9 Bt:Chl 90:10 I -0.3 %o 1 
Tmpd 8 - 489.9 Bt:Chl 90:10 i 0.0 %o I 
Tmpd 8 - 492.2 Bt:Chl 35:65 ! 1.1 %o I I 
Tmpd 8 - 492.2 Bt:Chl 35:65 1 0.7%o i l 
Tmpd 8 - 482.2 Bt:Chl 90:10 : 0.6%o I Tmpd 8 - 482.2 
I 
Bt:Chl 90:10 ! -0.4 %o i I Tmpd 8 - 482.2 Bt:Chl 30:70 i -0.3 %o I I Tmpd 8 - 482.2 Bt:Chl 30:70 0.6%o I ! 
' 
I 
I Biotite I Extrapolated S100 value -0.1 %o 
I Chlo rite I Extrapolated S100 value 0.8%o 
I I I Tmpd 8 - 492.2 I Matrix Quartz 5.2 %o i I I 
Tmpd 8 - 482.2 
I 
Matrix Quartz I 4.8 %o ! ! j 
Tmpd 8 - 482.2 Matrix Quartz I 4.5 %o 
I 
I 
I Quartz I Average Value 4.8%o 
! 
I 
I 
Tmpd 8 - 489.9 I Bt:Chl 85:15 -71.8 %o Tmpd 8 - 492.2 
I 
Bt:Chl 70:30 I -79.6 %o Tmpd 8 - 492.2 Bt:Chl 50:50 -71.9 %o 
Tmpd 8 - 482.2 Bt:Chl 30:70 i I -62.0 %o i 
I Biotite Extrapolated SD value I -80.1 %o 
I Chlo rite Extrapolated SD value I -58.7 %o 
i I I I 
Temperature B1so BD B180FLum BDFLUID {°C) Mineral Mineral 
I I 
Biotite-Quartz I ! 
I I 
Geothermometer I ! 
I I Biotite j 391 1'2 -0.1 %o ! -80.1 %o 1.9%o I -38.6 %o 6 
I 
Biotite I 4623 -0.1 %o I -80.1 %o 2.1 %o 1 -48.0 %o 6 
4834'2 ! I -50.3 %o 6 Biotite j -0.1 %o I -80.1 %o 2.1 %o 
I Quartz 
I 391 4.8%o I 0.5 %o 2 ! 
Quartz 462 4.8%o I 1.9 %o 2 i I Quartz 483 4.8%o 
I 
2.3 %o 2 
I 
I 
Chlorite 500 0.8%o -58.7%o 2.8 %o 5 -30.7 %o 7 
Chlorite 400 0.8%o I -58.7%o 2.5 %o 
5 
-27.7 %o 7 i 
l Chlorite ! 300 0.8%o ! -58.7 %o 2.1 %o 5 -22.7 %o 7 
0180: 103 Ina (Biotite-H20J = 0.67(106ff2) - l.06(103ff) - 1.95; 200-800°C; Richter and Hoemes (1988). 
0180: 103 lna (Quartz-H20) = 3.34(106ff2) - 3.31; 500-800°C; Matsuhisa et al (1979). 
4 
0180: 103 lna (Quartz-Biotite) = 0.64(106ff2) + 3.99(103ff) - 1.67; 0-1200°C; Zheng (1993). 
0180: 103 lna (Biotite-H20J = 3.84(106ff2)- 8.76(103ff) + 2.46; 0-1200°C; Zheng (1993). 
0180: 103 Ina (Chtorite-H20J = 0.81(106!f2) - 1.01(103ff) - 2.01; 200-800°C; Richter and Hoemes (1988). 
oD: 103 lna (Biotite-H20) = -22.4(106rr2) + 28.2 + (2XAt - 4XMg - 68XFe); Suzuoki and Epstein (1976). 
oD: 103 lna (CWorite-H20) = -31 %o at 400°C; -36 %o at 300°C; -34 %o at 200°C; Graham et al. (1987). 
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the vibrational frequency of hydroxyl hydrogen. The hydrothermal biotites are 
phlogopitic [XAJ = 0.07; XMg= 0.69; Xpe= 0.24 (n=8)], and their measured average 
composition was used to calculate the 8Dbiotite-fluid fractionation value. The calculated 
8Dfluid compositions range from -39%0 to -50%0 over the temperature range of 391°C to 
483°C. 
The values of 8180chlorite and 8Dchlorite, obtained by extrapolation of data from mixtures 
of biotite and chlorite (Figure 10.1 ), were +0.8%0 and -58. 7%o, respectively. The chlorite 
occurs as fine disseminations in the altered igneous matrix of the outer potassic alteration 
zone. Some of the chlorite grains contain microscopic mesh-like inclusions of rutile 
identical to those in some hydrothermal biotite grains, indicating that a small fraction of 
the chlorite formed by local chloritisation of biotite. The presence of chlorite suggests 
that the samples are from a transition zone between the outer potassic alteration zone and 
the inner portions of the propylitic envelope. Texturally chlorite cannot be in exchange 
equilibrium with biotite. 8180 and 8D of the fluid that would be in equilibrium with 
chlorite was calculated at 300°C, 400°C and 500°C, assuming that chlorite formed at a 
broadly equivalent or lower temperature relative to the hydrothermal biotite. The 8180fluid 
in equilibrium with chlorite was calculated using the fractionation equation of Richter 
and Hoemes (1988) to ensure consistency with the 8180fluid calculated from biotite. The 
8180fluid in equilibrium with chlorite is: 2.8%o at 500°C; 2.5%o at 400°C and 2.1 %0 at 
300°C. The 8Dfluid in equilibrium with chlorite was calculated using the data presented in 
Graham et al. (1987). The ~Dchlorite-water between 500°C and 700°C is -28%0, however 
Graham et al. (1987) combined data from Kuroda et al. (1976), Heaton and Sheppard 
(1977) and Marumo et al. (1980) to collectively define the ~chlorite-water curve at lower 
temperatures. Using these data, I have assigned ~Dchlorite-water values of: 500°C, -28%0; 
400°C, -31 %0; and 300°C, -36%0, for calculation of 8Dfluid in equilibrium with chlorite at 
500°C to 300°C. 8Dfluid for chlorite ranges from -22.7%0 to -30.7%0. 
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10.3.3 High-Sulphidation-Epithermal-Stage Water 
Two samples of intergrown high-sulphidation-stage hydrothermal muscovite and quartz 
were analysed for 8180 and 8D. The muscovite in these samples, EA043753 and 
EA043717, has 40Ar-39Ar ages of 3.23 ± 0.03 Ma and 3.34 ± 0.05 Ma, respectively 
(Chapter 4). Due to the extremely fine grain-size of the muscovite, only pure quartz and 
muscovite-quartz mixtures were obtainable. The 8180muscovite values for both samples 
were obtained by extrapolation using the 8180 value for 100% quartz and the value for 
two ~ 75:25 muscovite:quartz mixtures whose modal proportions were determined by 
SIROQUANT XRD (Figure 10.2). The muscovite-quartz samples come from deep levels 
in drillholes Tmpd 62 and Tmpd 77, near the base of the advanced argillic blanket within 
and on the northern margin of the principal magmatic vapor plume that is interpreted in 
Chapter 9. The measured and extrapolated values for 8180quartz and 8180muscovite are similar 
in the two samples (Figure 10.2), despite occurring in different drillholes. 8180quartz, 
8180muscovite and 8Dmuscovite values are listed in Table 10.3. 
Muscovite - Quartz Mixtures 
Epithermal-Stage Muscovite Alteration 
7.,-----------------------r 
Tmpd 62 Muscovite 61BQ = 2.3 per mil 5 .. ____ _ 
Tmpd 62 Quartz 61BQ = 4.7 per mil 
5 
4 ----------Q-02_S_X +~2~~-4(~)9;;;::;::::::::::-~::;;;:::;~:::::::::=-, 
y- . ·~ 
3 -i -------===- y~-:024~-z.27.2_1 ________ -+ 
2 
Tmpd 77 Muscovite 6180 = 2.1 per mil 
Tmpd 77 Quartz 61BQ = 4.9 per mil 
0...._---~---~---~---~----1 
100 80 60 40 20 0 
% Muscovite 
7 
6 
5 
4 
3 
s1so 
2 
0 
Figure 10.2 8180 of high-sulphidation-stage hydrothermal muscovite-quartz mixtures and 
quartz. Pure end-member isotopic compositions for muscovite were obtained by 
extrapolation. 
Temperature calculations were conducted usmg: aquartz-muscovite from Chacko et al. 
(1996); Uquartz-illite of Zheng (1993); Umuscovite-water from Richter and Hoemes (1988), 
Zheng (1993) and O'Neil and Taylor (1967) combined with Uquartz-water from Matsuhisa et 
al. ( 1979). All of the fractionation factors are calibrated within the 200-400°C range of 
sericite-muscovite stability except that of O'Neill and Taylor (1967), which is calibrated 
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between 400-650°C. All yielded temperatures that range from 434°C to 588°C, except the 
O'Neill and Taylor (1967) and Matsuhisa et al. (1979) combination of fractionation 
equations, which yielded a temperature of 384°C for sample EA043717. The high 
temperatures predicted by the mineral-pair geothermometers are not consistent with the 
fluid inclusion data of Fu and Clarke (1994). The fluid inclusion data show a distinct 
upper limit of -350-390°C, at the high-temperature end of a fluid mixing array, for high-
sulphidation-stage fluid inclusions (Figure 10.3). This discrepancy suggests that the 
muscovite-quartz pairs are in disequilibrium. A ~quartz-muscovite value < 2.5 (sample 
EA043753) is diagnostic of disequilibrium (Sheppard et al. 1971). 
Table 10.3 8180 and oD values of muscovite, quartz plus high-sulphidation-stage 
hydrothermal fluids. 
Sample 
i EA043717 I 
I EA043717 I 
! ' 
, I 
I EA043753 i 
I EA043753 i 
' 
Mineral 
Muscovite 
Quartz 
Muscovite 
Quartz 
Temperature 
(OC) 
Extrapolated 15
18
0 value i 
4
.
9 
~ ~=3) i 
! 
Extrapolated 15 180 value ; 2.3 o/oo , 
1 4.7 %o (0=2) I 
()Dmineral 
-72 o/oo 
-50%0 
1------------1--------·----+---------------------l---·----·--------!---·---------
• EA043717 i Muscovite 260 2.1 %o -72 %o 
J EA043717 I Muscovite 300 2.1 %o -72 %o 
I EA043717 i Muscovite 340 2.1 %o -72 %o i EA043717 ! Muscovite 380 2.1 %o -72 %0 
. ' 
I EA043753 
i EA043753 
I EA043753 
I EA043753 
Muscovite 
Muscovite 
Muscqvite 
Muscovite 
EA043717: Tmpd 77, 320-323 m. 
EA043753 : Tmpd 62, 380-383 m. 
260 
300 
340 
380 
2.3 %o 
2.3 o/oo 
2.3 %o 
2.3 o/oo 
-50 %o 
-50 %o 
-50 %o 
-50 %o 
-2.5 %o I 
-1.4 %o I 
-0.5 %o I 
0.3 %o I 
-2.4 %o I 
-1.2 %o I 
-0.3 %o I 
0.4%o 1 
8180: 103 lna (Illite/Muscovite-H20) = (2.39(106ff2)- 3.76; 0-700°C; Sheppard and Gilg (1996). 
<>Douid 
-61%o2 
-52 %o 2 
-45 %o2 
-45 %o2 
-39 %o 2 
-30 %o 2 
-23 %o 2 
-23 %o 2 
2 
oD: 103 !na (Illite/Muscovite-H20) = -27 %oat 380°C; -26.5 %oat 340°C; -20 %oat 300°C; -10.5 %oat 260°C. 
Values are from the extrapolated curves at low temperature (<400°C) of Taylor (1997). 
The muscovite samples were collected from within and along the margin of the central 
magmatic vapor plume (Figure 9 .9; Chapter 9) and are associated with the margins of 
diaspore-bearing alteration zones (Figures 8.2 and 8.3; Chapter 8). Hedenquist et al. 
(1998) identify a temperature range for muscovite+diaspore stability of 260°C to 370°C. 
Consequently, hydrothermal fluids in equilibrium with the two muscovite samples were 
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Figure 10.3 (opposite - top) Homogenisation temperatures and salinities for porphyry-stage and 
high-sulphidation-stage fluid inclusions in quartz. Data are reproduced from Fu and Clarke 
(1994). The primary fluid inclusions in mineralised porphyry-stage veins exhibit a boiling trend 
(yellow arrows) wherein modestly saline high-temperature fluids (--460-510°C; ~6-10 wt.% 
NaCl equivalent) become residually enriched in NaCl as a vapor phase unmixes and segregates. 
Primary and secondary fluid inclusions in high-sulphidation-stage quartz from vugs, veins and 
silicified breccia clasts define a mixing trend between magmatic (condensate) fluids at --4-6 
wt.% NaCl, ~375°C (grey circle), and heated meteoric water. 
calculated at 260°C, 300°C, 340°C and 380°C, which closely overlap this temperature 
range of muscovite-diaspore stability. Estimated high-sulphidation-stage fluid isotopic 
compositions are listed in Table 10.3. 
10.3.4 Palaeo-Meteoric Groundwater 
The isotopic composition and temperature of meteoric groundwater at the time of 
mineralisation cannot be measured directly, so broad constraints on its composition are 
obtained from the isotopic composition of recent rainwater in Mindanao. Rainfall and 
most meteoric groundwaters plot along the meteoric water line whereby 8D = 88180 + 10 
(Craig 1961). Because atmospheric precipitation is a Rayleigh-type process, continuous 
precipitation from water vapor that moves from sea-level to higher elevations, or at higher 
414 
Chapter 10 Stable Isotope Systematics of Porphyry and Epithermal Ore-Forming Fluids 
Southern Philippine Rainwater - (GNIP precipitation database) Southern Philippine Rainwater - (GNIP precipitation database) 
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Figure 10.4 Compilation of the 8180 and 8D isotopic compositions of modem rainwater from 
four geothermal fields at varying elevations in the southern and central Philippines: Mt Apo, 
Mindanao; Southern Negros; Bacon Manito, Southern Luzon; Tongonan, Leyte. The plotted 8180 
and 8D values from each locality represent the isotopic composition of rainwater gathered over 
the period of months identified by the numerical labels, and weighted according to the amount of 
monthly precipitation. In most cases, the data cover a period in excess of the annual precipitation 
cycle. The area within the curved fields thus represent the mean isotopic composition that would 
be observed in a palaeo-watertable at the given elevations (assuming residence times > 12 
months), as a result of homogenisation of seasonal variations in isotopic values. The data were 
compiled from the G.N.I.P. database (Global Network for Isotopes in Precipitation: http://www-
cger.nies.go.jp/cger-e/db/info-e/InfoDBWeb/prog/gnip.htm). The upper levels of the Tampakan 
deposit lay at an elevation of --400-600 meters above sea-level during the period of high-
sulphidation mineralisation. With reference to the curve for 8180, meteoric water within a 
palaeo-aquifer in the Tampakan high-sulphidation deposit that was recharged from 1000 metres 
above sea-level, or higher, would have 8180 values of approximately -6%0 or lighter. These 
constraints are reasonable because the latitude of southeast Mindanao has not changed 
significantly since the middle Pliocene, and because glacial-interglacial temperature fluctuations 
were not significant in the Pliocene at near-equatorial latitudes. 
latitudes, results in progressive depletion ofD and 180 in each increment of condensation. 
Estimation of the past isotopic composition of rainfall in the Tampakan district must 
account for the relative latitude and elevation of the deposit at the time of mineralisation. 
The latitude of Mindanao has not changed substantially since the middle Pliocene 
(Chapter 2). The elevation of the high-sulphidation-mineralised silica bodies are currently 
between 800 and 1000 meters above sea-level (ASL), however during mineralisation they 
were ~400 to ~600 metres above palaeo-sealevel as defined by the current elevation of 
the Cotabato basin marine sediments. The compilation of the isotopic composition of 
modem rainwater in the Philippines (Figure 10.4) yields curves that define the variation 
in 8180 and 8D of modem rainwater relative to altitude. If the high-sulphidation deposit 
formed at 2::400 metres above palaeo-sea-level, and if the minimum thickness of 
0 
800 :; 
600 ili 
iii 
400 
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overburden was 650 metres, then as a broad estimate, recharge waters must be sourced 
from a minimum elevation of 1050 metres above palaeo-sea-level. Because the meteoric 
water-table is likely to coincide with a broadly west-dipping (Chapter 9) unconformity 
between an eroded Cycle 3 volcanic surface and the overlying Cycle 4a stratovolcano 
(Chapter 4), groundwater recharge is most likely to be sourced from elevations ~1050 
metres ASL. This yields a meteoric water composition that is likely to be in the range of 
approximately -6%0 to -10%0 8180, given the uncertainty in projecting the modem rainfall 
data (Figure 10.4) back to the middle Pliocene. 
10.4 DISCUSSION 
The measured isotopic composition of minerals and calculated values for water are 
plotted in Figure 10.5. Although the mineral isotopic data from the Tampakan deposit are 
limited, there are important preliminary conclusions that can be gained from the data. 
The waters that are in equilibrium with porphyry-stage hydrothermal biotite have 
isotopic compositions of 1.9%o to 2.1 %0 8180 and -39%0 to -50%0 8D. These waters are 
significantly enriched in deuterium relative to residual magmatic waters in equilibrium 
with hornblende and biotite phenocrysts, and they have unusually low 8180 signature. 
They are ~6 per mil lighter in 8180 than the calculated Tampakan residual magmatic 
waters (Figure 10.5). Hydrothermal chlorites from the same samples are in equilibrium 
with a nearly equally low 180 fluid (2.1-2.8%0) over the temperature range of 300-500°C 
that is appropriate to chlorite stability in an inner propylitic zone (Figure 10.5). In most 
stable isotope studies of porphyry Cu systems, fluids that are in equilibrium with 
hydrothermal biotite in high-temperature potassic alteration zones are identified as 
magmatic waters (Ford and Green, 1977; Sheppard et al. 1971; Bowman et al. 1987; 
Taylor 1997). The low 8180 signature of fluids in equilibrium with hydrothermal biotite 
in the Tampakan samples may indicate that the biotite crystallised from a hybrid 
magmatic-meteoric fluid (with ~20-30% meteoric dilution). An alternative explanation is 
that the biotite has re-equilibrated with hybrid fluids, by isotopic exchange at lower (but 
elevated) temperatures, resulting in a low 8180 signature. The closure temperature for 
oxygen diffusion in biotite is ~540°C and the closure temperature for hydrogen diffusion 
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in biotite is ~430°C (Zaluski et al. 1994). The closure temperature for oxygen diffusion is 
higher than the temperature range of porphyry-stage fluid inclusions, so re-setting of the 
biotite oxygen isotope composition is not called for in the absence of recrystallisation. 
The difficulty in re-setting the oxygen isotope composition of biotite is supported by 
Sheppard et al. (1971 ), who concluded that retrograde exchange in biotites at the 
Bingham, Ely and Santa Rita porphyry Cu deposits must be minor in order to preserve the 
information that isotopically different waters were associated with biotite and sericite 
alteration within each deposit. The low 8180 values of biotite at Tampakan relative to 
typical magmatic water are interpreted as biotite crystallisation from fluids that were 
lighter than pure magmatic water. 
The potassic alteration facies is identified in only three drillholes in the Tampakan 
deposit (Tmpd 8, 57 and 83), and is limited to the deepest portions of drillcore sampling. 
The samples from drillhole Tmpd 8, for which isotopic compositions were measured, 
come from the outermost portion of the potassic alteration zone where relics of potassic 
alteration are intermingled with chlorite from an inner propylitic alteration facies. These 
samples are likely to represent the transitional zone between high-temperature, magmatic-
dominated fluids at deeper levels in the core of the potassic zone - which must lie below 
drill exposure - and meteoric-dominated fluids that circulated within an external 
propylitic envelope. Mixing between magmatic and meteoric waters during biotite and 
chlorite alteration in this transition zone is the preferred interpretation for the 8180-
depleted fluids in equilibrium with biotite alteration. Based on Figure 10.5, the 
hydrothermal biotite in the outer part of the potassic alteration zone formed from a hybrid 
fluid comprising ~60% to ~80% magmatic water, depending on the temperature of 
biotite-quartz equilibration, and ~40% to ~20% meteoric water, respectively. The 
relatively cool temperatures calculated for biotite alteration (391°C to 483°C), and that 
are corroborated by the fluid inclusions temperatures reported by Fu and Clarke (1984), 
are consistent with their formation from cooler hybrid fluids during the late stages, or on 
the outer margins, of the potassic alteration zone. The involvement of meteoric fluids 
during hydrothermal biotite formation has also been recognized at Butte (Sheppard et al. 
1971 ), in the hydrothermal biotites from the propylitic zone at Bingham (Bowman et al. 
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1987), and in the latter stages of potassic alteration in the Babine porphyry Cu deposits of 
British Columbia (Zaluski et al. 1994). 
The isotopic composition of waters in equilibrium with high-sulphidation-stage 
muscovite are less constrained due to a lack of definitive temperature estimates and the 
large oDmuscovite range (22%o) between the two samples. The isotopic composition of 
fluids in equilibrium with muscovite, at temperatures of 300°C to 380°C, range between -
l .4%0 and +0.4%0 0180 and between -23%0 and -52%0 oD. These waters are also 
significantly depleted in 180 relative to typical magmatic waters (6-9%0). The isotopic 
composition of high-sulphidation-stage fluids in equilibrium with a series pyrophyllite-
bearing rock samples range between +0.8%0 and + l.4%o 0180 (§11.4.2; Chapter 11). 
These pyrophyllite-stable fluids have a 0180 signature that implies a slightly greater 
involvement of magmatic water at ~309°C (1.1 %0 o180hybrid-fluid) than the deeper 
muscovite alteration for which waters were calculated at 300-380°C [-l.4%o to 0.4%0 
o
180hybrid-fluid (Figure 10.5)]. Watanabe and Hedenquist (2001) identified the pyrophyllite 
at El Salvador, Chile, as a retrograde overprint from ascendant magmatic fluids with <10-
20% meteoric water, upon earlier muscovite alteration. The relative pyropyllite-muscovite 
relationships in the Tampakan deposit are not inconsistent with this interpretation, other 
than the Tampakan pyrophyllite and muscovite samples represent a more distal facies 
with higher proportions of meteoric water. The 0180 signature of high-sulphidation-stage 
waters in the deep central portions of the Tampakan deposit are likely to represent hybrid 
magmatic-meteoric waters comprising ~50 ± 10% meteoric water and ~50 ± 10% 
magmatic water based on the 0180 composition of probable magmatic and meteoric water 
end-members (Figure 10.5). 
The isotopic compositions of geothermal waters associated with arc volcanoes indicate 
that most have a substantial component of magmatic water. Giggenbach (1992) compiled 
isotopic data from active geothermal fields in convergent-margin settings in Japan, the 
Philippines, New Zealand and the Americas. His data compilation revealed that the most 
0180-shifted geothermal waters are typically 2%o to 3%o heavier in 0180 than local 
meteoric waters (Figure 10.5). Isotopic exchange between volcanic rocks and 180-
depleted meteoric water shifts meteoric waters to heavier 0180 values at constant oD 
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values, because the deuterium contents of andesites are insufficient to shift the meteoric 
water deuterium signal except under extremely low water/rock ratios. Examples of <5 180 
shifts with constant ()D arrays come from geothermal systems in non-arc settings, such 
as the Salton Sea rift (California), Lanzarote (Canary Islands), and Yellowstone 
(Sheppard, 1986). Giggenbach's geothermal water data, reproduced in Figure 10.5, 
indicate that in most andesitic geothermal systems, the shift to <5 180 heavier than local 
meteoric water is accompanied by a coincident shift in ()D to heavier values. Giggenbach 
(1992) noted that projection of mixing lines between local meteoric waters and the 
geothermal waters produced an array that converges towards a small <5 180-<5D range that 
coincides with the average composition of volcanic gas condensates (Figure 10.5). This 
is clear evidence that the positive shifts from local meteoric water values to heavier <5 180 
and ()D in volcanic arc geothermal systems are caused by variable mixing with a 
magmatic hydrothermal.fluid (e.g. Hedenquist and Aoki, 1991). 
The mmunum elevation for meteoric water recharge into a palaeo-aquifer in the 
Tampakan high-sulphidation deposit is ~ 1, 100 metres ASL. From the data compiled in 
Figure 10.4, this implies that meteoric water that mixed with magmatic waters must have 
a <5 180 value of approximately -6%0 to -10%0. Projection of a mixing domain between 
meteoric waters of -6%0 to -10%o <5 180, through the field of high-sulphidation-stage 
hydrothermal waters (Figure 10.5), indicates that the magmatic-water end-member with 
an assumed <5 180 of ~6-9%o (typical of magmatic waters), must have a ()D like andesitic 
volcanic vapors defmed by Giggenbach (1992). This ()D range is ~30-50%0 more 
enriched in deuterium than the "residuaI" magmatic waters that are in equilibrium with 
hornblende and biotite phenocrysts. The andesitic water box of Giggenbach (1992) 
defines the isotopic composition of magmatic vapors that vent from andesitic volcanic 
centers. The deuterium enrichment of these waters, relative to felsic and arc-related 
magmatic waters, is due to a melt-vapor fractionation factor ~M-v ~ -20%0 (Giggenbach 
1992). In some cases further D enrichment in brine accompanies liquid-vapor 
fractionation of ~v-L ~ -20%0 to -28%0 (Hedenquist et al. 1998; Schulovich et al. 1999) 
during phase separation of exsolved magmatic water. 
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Figure 10.5 Compilation of the 8180 and 8D isotopic analyses of Tampakan minerals and 
associated fluids. The white box is the felsic magma water box (and arc-related magmatic water 
box) from Taylor (1992). The red box defines the field of andesitic volcanic gas condensate 
waters (Giggenbach 1992). The small black and white squares are the compositions of the most 
shifted waters from geothermal systems along convergent plate boundaries (plotted from 
Giggenbach 1992). Most of these waters are shifted in both 8180 (by 2-3%0 heavier; dark grey 
region) and 8D relative to local ground waters at the left end of the red tie lines. Red tie lines 
(mixing lines) converge (light grey shaded region) towards the field of deuterium-enriched 
volcanic gas (fumarole) condensates (Giggenbach 1992). This is strong evidence that mixing of 
meteoric and magmatic waters is responsible for the positive 8180 shifts in geothermal waters in 
magmatic arcs. The high-sulphidation-stage fluids in equilibrium with muscovite alteration in the 
Tampakan deposit lie along a similar mixing trend between palaeo-meteoric waters of -6 to 
-10%0 8180 and volcanic gas condensates, and indicate that they formed from a hybrid fluid that 
comprised approximately 50% magmatic vapor condensate and 50% meteoric water. Precursor 
porphyry-stage hydrothermal biotite formed from a hybrid fluid that comprised --60-80% 
magmatic brine which was diluted by ~20-40% meteoric water at the transition boundary 
between the outer potassic and inner propylitic alteration zones. 
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The calculated magmatic water in equilibrium with the Tampakan hornblende and 
biotite phenocrysts has 3180of7.1%o to 8.7%o and 3D values of-54%0 to -67%0 that are 
significantly depleted in D relative to the felsic and arc-related magmatic water box. 
Because intrusions that are exactly coeval with the Tampakan porphyry and high-
sulphidation mineralisation are not identified within the region of core sampling in the 
deposit, isotope analyses of hornblende and biotite phenocrysts were conducted on 
magmatic rocks that bracket the age of the high-sulphidation mineralisation episode. 
Despite the wide age range for these phenocryst samples (3.93 Ma to Recent), the 
calculated fluid compositions at calculated magmatic temperatures lie within a narrow 
range of 3180 (7.1 %0 to 8.7%0) and 3D (-54%0 to -67%0). Resetting of the 3Dhornblende and 
3Dbiotite signatures due to exchange with low-temperature groundwater is unlikely because 
of extremely low diffusion rates at room temperature, and the pristine nature of samples 
of Quaternary age. The mineral isotope signatures are considered to represent the primary 
isotopic composition of late-stage phenocrysts and melts. Late-stage magmatic fluids that 
are in equilibrium with porphyry-stage and high-sulphidation-stage intrusions are likely to 
lie within the narrow field defined by late-crystallised phenocrysts that bracket the high-
sulphidation mineralisation age. The 3180residuai fluid values (7.1-8.7%0) are within the 
typical range of magmatic waters (6-9%0), however the 3D values (mean -61.5%0; n=6) 
are significantly below the magmatic water box for felsic magmas (Taylor 1992) and for 
magmas associated with volcanic arcs that lie at the deuterium-enriched end of the -20%0 
to -45%0 felsic magma water box (Hedenquist and Lowenstern, 1994). 
The magmatic waters at -60%0 3D, in equilibrium with late-stage hornblende and biotite 
phenocrysts, are too light to represent the magmatic water that mixed with meteoric 
waters to form the high-sulphidation alteration assemblage. Even if these late-stage 
waters were to undergo liquid-vapor unmixing, the vapor phase would only be enriched 
in D by a maximum of 14%0 to a value of around -46%0 3D; i.e. Shmulovich et al. (1999) 
indicate that the maximum fractionation of D!Hcv-L) is 28%0 at the limit of salt saturation, 
so a maximum vapor-liquid fractionation would only enrich D in the vapor phase by 
14%0. The value of -46%0 would still be light by 16-36%0 relative to the "andesitic 
fumerole condensate" box that is centered on the defined mixing path between Tampakan 
meteoric and high-sulphidation waters (Figure 10.5). 
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The depleted 8D values of phenocrysts and equilibrated magmatic water suggest that 
they formed from, or equilibrated with, melts that had undergone extensive prior 
degassing (Taylor 1985, 1986; Taylor et al. 1983). If these phenocryst compositions 
represent late-stage degassed melts, then using the terminology of Hedenquist et al. 
(1998), H20 exsolving at that stage is termed "residual" magmatic water. The primary 
isotopic composition of undegassed magmas in the Tampakan district is unknown, 
however we can reasonably assume that they would plot within the felsic water box of 
Taylor (1992). If so, then the shift from initial to residual melt and exsolving H20 is ~ 
30%0 8D. This suggests that open-system degassing is required to account for the depleted 
8D signatures of the Tampakan phenocrysts. 
There is a gathering body of evidence that high-sulphidation deposits form by 
condensation of a magmatic vapor phase: the suite of elements, As, Sb, Te, Sn, Hg and V 
that are enriched in high-sulphidation-type deposits relative to porphyry systems; the 
presence of significant Cu, Au and As concentrations(± Ag, Mo, Sn, Te, V) in volcanic 
fumarole emissions (Symonds et al. 1987; Gemmell 1987; Meeker et al. 1991; 
Hedenquist et al. 1993; Kavalieris 1994); the measured high Cu concentrations in gas-
dominated fluid inclusions from porphyry Cu deposits (Heinrich et al. 1993; Heinrich et 
al. 1999; Ulrich et al. 2001); and thermodynamic evidence for increasing prevalence of 
Cu-H-S complexes relative to Cu-Cl complexes with increasing temperature and 
decreasing pressure. Exsolution of magmatic vapor directly from a melt that has an initial 
isotopic composition of approximately -20%0 to -35%0, in the upper half of the felsic 
magma water box (Figure 10.5) would produce a suitably deuterium-enriched magmatic 
vapor for mixing with meteoric water to yield the high-sulphidation-stage hybrid waters 
in equilibrium with hydrothermal muscovite. During magmatic degassing, the vapor 
removes an extremely small proportion of the total oxygen content of the hydrous magma, 
and because melt-water 8180 fractionations are not significant at magmatic temperatures, 
major shifts in 8180 are not expected during magmatic degassing (Taylor 1985). 
Consequently, for the purposes of modeling magmatic-meteoric fluid mixing within the 
advanced argillic lithocap (Chapter 11), the average 8180 of vapor-dominated fluids 
produced by degassing of shallowly emplaced melts that produced high-sulphidation 
mineralisation, is calculated by applying a nominal 180/160Melt-Vapor fractionation of -1 %0 
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to the average phenocryst 8180 composition; i.e. 8180vapor = +6.7%o. This value lies 
within the range of independent 8180 measurements of volcanic fumarole condensates in 
the Philippines [Alto Peak, +2.6%0; Cagua, +4.5%o; Mahagnao, + 8.0%o; Mt Pinatubo, 
+5.0%o; Giggenbach (1992)]. 
It is not feasible to construct fluid-mixing arrays for porphyry-stage alteration and 
mineralisation because there are no identified elevation constraints on sources of meteoric 
water that produced hydrothermal biotite during fluid mixing in the potassic-propylitic 
transition zone. 
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CHAPTERll 
DISTRICT-SCALE PALAEOHYDROLOGY 
Integrated Spectral Mapping and Stable Isotope Study 
11.1 INTRODUCTION 
Aspects of the palaeohydrology within the Tampakan high-sulphidation ore deposit 
were constrained in Chapter 9 by the distribution of alteration facies, and their spatial 
chemical variations based on calibration with their infrared spectral signatures. This 
chapter extends the palaeohydrological study of the Tampakan high-sulphidation system 
to the district surrounding the deposit, and also investigates the hydrological transport 
mechanics of the magmatic supercritical fluids from the exsolution site deep beneath the 
deposit to the region of meteoric- and magmatic-fluid mixing within the deposit. The 
study uses 6180 analyses of hydrothermally altered rocks collected from throughout the 
district, deposit-scale 6180 and ()D measurements on hydrothermal minerals within 
various ore facies (Chapter 10), maps of deposit-scale and regional-scale zonation 
patterns of hydrothermal mineral assemblages (Chapters 8 and 11 ), palaeo-hydrological 
constraints inferred from geochronological data (Chapter 4), and estimates of magmatic 
fluid enthalpies. 
The physical and chemical nature of the magmatic fluid component in geothermal and 
volcanic-plutonic terrains, its mode of transport from the melt to the site of ore formation, 
and its subsequent interaction with ambient groundwater, is an important focus of 
research in magmatic-related Cu-Au ± As ore deposits. Hydrothermal solubilities of 
sulphide and silicate minerals generally decrease with decreasing pressure and/or 
decreasing temperature of the fluid, and solubility may also vary with acidity and redox 
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state of the fluid. Fluids that migrate from regions of magmatic temperature and pressure 
to ambient groundwater temperatures and pressures typically undergo large and abrupt 
reductions in mineral solubilities. To better understand the chemical and physical 
processes of ore metal transport and deposition within volcano-centred hydrothermal Cu-
Au ore systems, it is important to define the physical characteristics of the magmatic-
hydrothermal fluid (viz., liquid, vapor, or supercritical fluid) and the factors that control 
mixing of this magmatic fluid with ambient meteoric waters. 
Criss and Taylor (1986) reference some 67 case studies in published literature in which 
district-scale zones of whole-rock 180 depletion have been identified in meteoric-
hydrothermal systems wherein igneous plutons have intruded permeable, water-saturated 
rocks near the earth's surface and have heated the ambient meteoric waters, inducing 
circulation and oxygen isotopic exchange between ground water and the country rock. In 
these cases, depletion of 180 in the rocks must be associated with attendant enrichment in 
180 of the ground water. Studies of modem geothermal waters have identified, in nearly 
all cases, the presence of isotopically-modified geothermal waters which are 180-
enriched. These enrichments can be ascribed either to water-rock interaction, or to mixing 
of 180-depleted meteoric waters with 180-enriched magmatic or hybrid magmatic-
meteoric waters, or a combination of both processes. 
In the first part of this chapter, the 0180 composition of hydrothermally altered rocks are 
combined with maps of regional alteration facies identified using the PIMA II TM in order 
to isotopically model the temperature, oxygen isotope composition and relative fluid 
mixing proportions of the magmatic and meteoric water components of the palaeo-
geothermal fluid that had variably equilibrated with rocks throughout the district. In the 
second part of this chapter estimates of the enthalpy, density and phase-state of the 
magmatic-fluid end-member are ultimately derived from isotopic and fluid inclusion 
constraints. A palaeohydrologic model is developed for the transport of magmatic fluid 
from the melt to the site of ore deposition, with implications for metal transport during 
magmatic vapor ascent and condensation. 
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11.2 METHODS 
Rock samples (n=251) for oxygen isotope analyses were collected during two regional 
mapping and sampling programs. The samples were collected from an area of ~140 km2, 
mostly from the central, southwest and northwest quadrants of the Tampakan volcanic 
complex. Oxygen isotope analyses were done on 106 of these whole-rock samples from 
96 localities, yielding a data density of approximately one sample per 1.5 km2• To 
facilitate representative sampling of the isotopic composition of the rocks from each 
sample site, each sample was a composite of 10-20 rock-chips acquired in most cases 
from a surface area in excess of 20 m2• In several localities, two or more samples were 
collected to ascertain whether this sampling method adequately smoothed outcrop-scale 
isotopic variation. 
The samples were crushed and milled to a whole-rock powder using a jaw-crusher and 
tungsten carbide mill. PIMA 11™ infra-red reflectance spectra were acquired on the 
whole-rock powders by Louise Luong (WMC Resources Ltd), and the reflectance spectra 
were analysed by the author. Synthetic glasses were made from the whole-rock powders 
using the procedures outlined in Chapter 5. The whole-rock glasses were analysed for 
major-element concentrations using a JEOL JSM-6400 electron-microprobe at the 
Electron Microscopy Unit, Research School of Biological Sciences, ANU, Canberra. 
Prior to oxygen isotope analysis, ~ 10 mg aliquot of each whole-rock powder was baked 
at 80°C to remove adsorbed atmospheric moisture. Oxygen for isotopic analyses was 
obtained on a conventional oxygen extraction line with bromine-pentafluoride (BrF5) as 
the fluorinating reagent (cf. Clayton and Mayeda, 1963). The procedures were described 
in §10.2 (Chapter 10). All isotopic data are reported as 8 values in per mil (%0) relative to 
Standard Mean Ocean Water (SMOW) and are referenced to the quartz standard 
NBS 28 = 9.64%0. 
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Figure 11 , 1: Spatial distribution of predominant and subordinate alteration minerals identified by PIMA spectral analysis of whole-rock 
samples for whichS018 analyses were obtained in the district whole-rock oxygen isotope study, Shaded and patterned fields distin-
guish alteration facies within the Tampakan Andesite Sequence. Zones of most intense alteration defined by greatest cation leaching 
are domains of intense silicification. The regional distribution of alteration facies, at high levels in the system, display zonation from 
central core zones of intense silicification that overlie high temperature pyrophyllite alteration , outward to illite-pyrophyllite alteration 
(zoned from higher-temperature, K-rich muscovite to lower temperature, K-poor hydromica - Chapter 9) . The potassic white mica 
facies passes outward to more distal and lower temperature kaolinite- and alunite-bearing alteration and in turn to a chlorite-epidote 
alteration facies which decreases in intensity outward toward fresh rock. Peripheral regions of high-temperature pyrophyllite-
alteration which lie within the lower temperature kaolinite-bearing facies, but away from the central higher temperature facies near 
the deposit, may represent separate foci of hydrothermal activity . 
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11.3 RESULTS 
11.3.1 Alteration Facies Distribution 
Coherent patterns of alteration mineral distribution in the Tampakan district have been 
mapped by infrared reflectance spectroscopy using a PIMA II™ portable spectrometer. 
Figure 11.1 shows the distribution of alteration assemblages in which the named minerals 
predominate. The gross vertical zonation of alteration minerals defined within the deposit 
(Chapter 8) is integrated with the surface distribution of alteration mineralogy depicted in 
Figure 11.1 to compile the schematic deposit-scale to regional-scale alteration zonation 
pattern shown below in Figure 11.2. 
lr;::r================ 10 Kilometres ================::::;iTI 
~ --- --J _____ 2-Ki-lo-m-et-re_s_=_=_=_=_=_=_=_=_=_ ~L ----- ~ 
Approximate Location of Topography 
Relative to Regional Alteration 
Kaolinite 
Chlorite - (Epldote) 
Chlorite - lllite 
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Figure 11.2 Schematic zonation in the distribution of alteration mineral assemblages that were 
defined using a PIMA II™ infrared spectrometer. This schematic representation was compiled by 
synthesising the data in Figures 8.2 to 8.5, 8.7, and Figure 11.1. The topographic profile is 
rotated by ~20° clockwise for purposes of this illustration. The central portion of the alteration 
system is expanded in scale to better portray the rapidly changing facies within the central zone 
where temperature gradients are high (Figure 11.12). 
The porphyry and high-sulphidation-epithermal alteration episodes represent two 
separate magmatic-hydrothermal events that are separated by ~ 1 Myr (Chapter 4); 
however, the spatial relationship of their respective alteration assemblages broadly 
resemble a single telescoped magmatic-hydrothermal system. The vertical succession of 
alteration mineral assemblages from deep within the deposit to the surface is: 
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biotite+chlorite ~ sericite+chlorite ~ sericite ~ pyrophyllite+dickite (± diapore ± 
al unite) ~ silica. The sericite+chlorite and sericite assemblages at depth within the 
deposit grade laterally outward to chlorite+illite, whereas the pyrophyllite+dickite 
assemblage at higher levels in the litho-cap is transitional outward to pyrophyllite+illite 
and to kaolinite (± alunite). The kaolinite (± alunite) zone extends up to 5 km outward 
toward the margins of the district (Figure 11.2). Sericite (K-mica) is progressively 
supplanted by illite (hydromica) at higher levels and laterally away from the core of the 
orebody where temperatures are cooler, whereas higher-level dickite is laterally 
transitional to kaolinite as temperature decreases away from the deposit. 
The principal body of high-temperature silica occurs at high-levels within and around 
the Tampakan high-sulphidation Cu-Au deposit. Other zones of silicification occur in the 
peripheral portions of the regional advanced-argillic alteration zone (Figure 11.1) such as 
at the Bongsbang Quarry and the Silway high-sulphidation epithermal prospect (Figure 
11.3). The envelope of illite-pyropyllite alteration is exposed at the surface (Figure 11.1) 
along the east and west flanks of the erosionally resistant central silica body in 
theTampakan deposit (see schematic topographic surface in Figure 11.2). In surface plan 
(Figure 11.1 ), the illite-pyrophyllite alteration zone crops out over a 6 km long by 2 km 
wide region which is elongate in a NNE direction, parallel to the principal faults within 
the Tampakan deposit which control the overall NNE orientation in Cu and Au grade 
distribution. 
Alunite is observed within the pyrophyllite+dickite assemblage within the deposit, but 
its abundance is minor. Regional PIMA rr™ analyses reveal that alunite is associated 
with kaolinite in the peripheral portions of the lithocap (Figure 11.1 ). In high-
sulphidation deposits hosted by more felsic rocks, alunite typically occurs within a quartz-
alunite-kaolinite alteration facies immediately surrounding a core of massive and/or 
vuggy silica alteration facies (e.g. Chinkuashih, Motomboto, Nalesbitan, Lepanto, 
Summitville, Goldfield, Paradise Peak, Julcani, El Indio and Rodalquilar - Arribas, 
1995). The alunite observed in the Tampakan district occurs in a similar facies position 
and association with kaolinite, but extends laterally up to 4 km away from the central ore-
body (Figure 11.1 ). The scarcity of hydrothermal alunite in the central silica and 
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surrounding pyrophyllite-dickite-kaolinite alteration zones at Tampakan is attributed to 
the lower potassium content of the andesite-diorite host sequence compared to more 
evolved felsic rocks in other deposits that have higher hydrothermal alunite contents. 
During the initial periods of magmatic fluid input into the ground-water-table, and early 
stages of hybrid magmatic-meteoric fluid outflow above a magmatic vapor plume, the 
volcanic rocks in the flow-path are in severe disequilibrium with the out-flowing acid-
sulphate hybrid fluids. The alteration process involves exchange of the rock's Na and 
alkaline-earth cations for the fluid's K+ and H+ ions and results in a progressive decrease 
in the neutralising-capacity of the increasingly leached rocks as they approach chemical 
and isotopic equilibrium with the cooling acidic fluid. Progressive leaching of cations 
from the rocks involves loss of Mg, Fe, Na and Ca in kaolinite-, alunite- and illite-bearing 
assemblages, subsequent loss of K in pyrophyllite-dickite ± diaspore assemblages, and 
eventual loss of Al under highly acidic conditions associated with pervasive silicification 
and residual silica enrichment. Over time, the isograds of equal acid-neutralising-capacity 
within the rock migrate down-stream, away from the zone of magmatic-fluid upwelling, 
so that the lateral progression of mineral assemblages (Figure 11.2) from distal chlorite-
bearing assemblages, to kaolinite, to pyrophyllite-illite and then to pyrophyllite-dickite ± 
diaspore and finally massive silica, reflects the prograde time-series of alteration 
assemblages which the rocks undergo as their neutralising capacity is progressively 
reduced by leaching of cations from the rock. 
11.3.2 Whole-Rock Oxygen Isotope Data 
The 8180 values determined for chip-composite whole-rock samples at 96 localities 
within the Tampakan district range between +2.9%o and +14.8%0, with a single value at 
+23 .3%0. The analytical reproducibility of the 8180 data are shown by the black points in 
Figure 11.4 where two separate oxygen extractions and analyses were conducted on the 
same sample. The whole-rock 8180 and major-element data are listed in Appendix H. 
Approximately 75% of the values (71 samples) lie in the range of 5.6 to 11.2%0, with 
the data values being relatively evenly spread within this range. Approximately 13% of 
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Figure 11.4 Reproducibility of 8180Rock analyses. The black points represent duplicate analyses 
conducted on eight whole-rock powders and illustrate the analytical variability. Each of the six 
red points represents a pair of analyses conducted on separate specimens from the same outcrop 
locality, and illustrate the variability in 8180Rock at the outcrop scale. 
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Tampakan district. 
the rocks yield 8180 values that are depleted in 180 relative to average fresh volcanic 
rock, as recorded by 8180 values (4.9 to 6.3%0) of hornblende and biotite phenocrysts. 
The remaining 87% of the rocks are emiched in 180 relative to fresh volcanic rock 
(Figure 11.5). 
11.3.3 Composition Dependence of the "A Factor" 
The 8180 values are plotted in Figure 11.7 against the AcQuartz-Rock) values. Prior to 
discussion of the 0180 data, the AcQuartz-Rock) factor requires definition. Variable 0180 
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values of a rock are caused by multiple factors that affect the original isotopic 
composition of a rock. These variables include the isotopic composition of water, its 
temperature, the relative masses of equilibrated fluid and rock and the rock's initial 
elemental and mineral composition. All of these factors combine to yield the fmal 
isotopic value of the altered rock. It is important to resolve the relative effects of these 
factors. One way of simplifying the chemical and mineralogical variations of the rocks is 
to use the AcQuartz-Rock) factor as a measure of compositional shift toward residual silica at 
maximum alteration intensity. 
At any specified temperature, an assemblage of oxygen-bearing minerals that are in 180-
160 exchange equilibrium typically differ in oxygen isotopic composition because the 
various cations of different charge in different coordination geometries differ in cation-
oxygen bond energy and so in degree of preference of 180 for 160. For many mineral-
mineral pairs or mineral-fluid pairs, the equilibrium 0180 fractionation factors have been 
experimentally determined as functions of temperature. If experimental calibration is 
lacking for a compositionally complex mineral of interest, its fractionation factor (relative 
to a reference material such as quartz or water) can be estimated from the weighted sum 
of contributions by the mineral's oxide components (Si02, Ti02, Alz03, CaO, MgO, FeO, 
Na20, K20, P20 5, H20, C02). Average values of contributions by the individual oxide 
components (~K20-Si02, Mh03-Si02 etc) have been assessed by Dr J.M. Palin (ms. in 
prep.) by multiple linear regression of experimentally known fractionation factors of 
compounds 1Il composition sen es such as 
NaAhA1Sh010(0H)2-Si02. The theoretical rationale for this approach to assessing 
differences in metal-oxygen bond energies is well developed and has been utilised for 
decades to estimate vibrational entropies, enthalpies and Gibbs energies of silicate 
minerals with refmements to account for variations of cation coordination (Fyfe et al. 
1958; Vieillard and Tardy, 1988; Holland, 1989; Chermak and Rimstidt, 1989). For 
cases in which a rock consists of imprecisely known proportions of fme-grained minerals 
of imprecisely known elemental composition, the oxide-sum estimation technique 
described above for minerals can be extended to bulk rocks of analysed elemental 
composition, in order to estimate oxygen isotope fractionation factors between a bulk 
rock and fluid, or bulk rock and a quartz reference, as a weighted combination of the 
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independently calibrated oxide-fluid (or oxide-quartz) fractionation coefficients. Dr 
J.M.Palin has kindly made available for this study the pre-publication results of his 
calibration. In his terminology the oxygen isotope fractionation coefficient, estimated by 
the compositionally weighted oxide-sum technique, is termed the "A-Factor" and is 
conveniently represented as the difference from quartz, for the bulk composition of 
interest. 
A series of quartz-oxide oxygen isotope fractionation coefficients can be generated 
from experimental calibrations and used to calculate quartz-rock oxygen isotope 
fractionation factors for any rock based on its oxide composition (J.M.Palin pers. comm.). 
The quartz-oxide oxygen isotope fractionation coefficients calculated by Dr Palin are: 
Si02, 0.000±0.634; Ti02, 4.760±0.162; Ab03, 2.788±0.529; Fe203, 6.300±0.228; FeO, 
6.300±0.228; MgO, 7.314±0.478; Cao, 8.344±0.683; Na20, 7.299±1.646; K20, 
7.521±4.195; MnO, 6.300±0.228; P20 5, -1.976±0.634; H20, -2.314±2.880 and C02, 
-3.602±0.484. The individual quartz-oxide fractionation coefficients are summed in the 
proportion of their individual mole fraction abundances within the rock to yield an 
A(Quartz-Rock) factor. That is, AQuartz-Rock = (8180Quartz - 8180water) - (8180Rock - 8180water) = 
:Li(Yi • t1(8180Q-i) = :Li(Yi • AQ-i • 106 ff2), where i = Si02, Ti02, Ab03, CaO, MgO, FeO, 
Na20, K20, P20 5, H20, C02, Tis in kelvins and Yi is the mole fraction of each oxide i in 
the bulk composition of interest (J.M.Palin pers.comm.). 
This technique allows a series of whole-rock samples with variable mineralogical and 
chemical compositions to be plotted along a single axis that represents the fractionation 
factor between the rock and quartz. Rocks altered to pure silica have an AcQuartz-Rock) = 0, 
whereas pristine unaltered andesitic rocks have AcQuartz-Rock) > 1.6, depending on their 
chemical composition. Because Si02 is the most abundant oxide in fresh and altered 
andesitic to dacitic igneous rocks, the A(Quartz-Rock) factor is highly anti-correlated with the 
wt . % Si02 (Figure l 1.6a), and correlated with the sum of the major other cations within 
the rock, excluding Ab03 (Figure l 1.6b ). This indicates that variation in AcQuartz-Rock) 
almost exclusively tracks the degree of base-cation leaching from the rock under acidic 
(acid-sulphate) fluid alteration conditions, as the rock is progressively altered from an 
andesite to a Si02-Ab03 rock in which quartz± pyrophyllite ± diaspore ± dickite are 
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Figure 11.6 (opposite). Whole-rock major-element compositions have been used to calculate 
bulk-rock oxygen isotope fractionation factors (A-factors) relative to quartz. In (A) and (B) the 
calculated values of ~Quartz-Rock) are highly anti-correlated with silica and correlated with the sum 
of the cation-oxides excluding Ah03 and the degree of base cation leaching. The data-points 
circled in red lie off the trend as they represent addition of Fe to the silicified end-members of 
the alteration due to sulfide mineralisation. (C). Trend lines representing variation of the major 
cation-oxide species with the A(Quartz-Rock) are plotted for the 106 whole-rocks. For clarity of 
presentation, individual data points are not plotted due to spatial overlap of several element-
oxides. The principal alteration mineral identified using the PIMA II™ within each rock sample 
is plotted along the top as colour-coded squares (whose co-ordinates relate only to the abscissa) 
to illustrate the interpretation that ~Quartz-Rock) values track the intensity of acid-sulphate alteration 
and leaching as corroborated by the oxide trends. During early distal chlorite ± epidote alteration, 
the rocks lose MgO, Fe20 3, and CaO and residually accumulate Ah03, Na20 and K10. The 
initiation of illite alteration at an A(Quartz-Rock) value of ~ 1.3 coincides with commencement of 
Na20 loss as feldspar breaks down to illite under conditions of decreasing pH. Alunite-bearing 
alteration assemblages are mostly restricted to a narrow window of ~Quartz-Rock) values between 
0.95 and 0.54. Alunite saturation occurs at relatively low temperature when K20 in the rock 
combines with Al liberated by leaching of the other cations (CaO, MgO, Na20 and Fe20 3). 
Alunite becomes less abundant at ~Quartz-Rock) values <0.54 as K10 and Ah03 are leached. The 
formation of pyrophyllite and massive hydrothermal silica occurs at progressively lower ~Quartz­
Rock) values. 
typically the sole minerals present. In such sulphuric-acid-rich systems, aluminium is 
eventually leached as sulphate complexes (Ridley et al. 1999), leaving a residual 
"quartzite". The strong correlation between decreasing A (Quartz-Rock) values and increasing 
intensity of acid-leaching is further indicated by Figure 1 l .6c. 
11.3.4 Temperature Dependence of the "A Factor" 
The oxygen isotope values for the district-scale palaeohydrology study are plotted as 
8 180 versus AcQua11z-Rock) in Figure 11.7. The data lie within six major clusters based on the 
dominant alteration mineral identified using the PIMA n™. The clusters in Figure 11.7 
displays distinct sloping trends that are slightly divergent. The array for the six 
pyrophyllite-bearing rocks is the most linear. The arrays for the illite-bearing and the 
kaolinite-bearing assemblages also show a broad linearity at higher 8180Rock values. 
During equilibrium interaction between minerals and water at fixed isotopic compositions 
of water, the difference in 8 180 between minerals and water increases as the temperature 
of the water decreases. This relationship is evident by the standard equation for 
fractionation between minerals and water: 
18 18 [106 ] {) Q Mineral - {) Q Water = ~Mineral-Water) T2 - B (Minera/-Water) (1) 
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16 Dominant Mineral in Alteration Facies 
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Figure 11.7 Whole-rock 8180Rock compositions in the Tampakan district are plotted against 
~Quartz-Rock) · Rightward variation in values along the abscissa scale mainly represents increasing 
intensity of acid leaching and base cation removal from the rocks, whereas variations along the 
ordinate axis at a given rock chemical composition (value of A(Quartz-RockJ) are caused 
predominantly by temperature variations of the fluids reacting with the whole-rocks. Most of the 
samples are enriched in 180 relative to pristine unaltered andesite (red line at +5 .7%o) as 
determined from mean 8180 values of hornblende and biotite phenocrysts (Chapter 10). 
To illustrate this point, we can regard the whole rocks in which silica is the dominant 
alteration phase (blue squares in Figure 11. 7) as mono-mineralic rocks, in which case 
application of equation (1) for fractionation between a mineral (in this case quartz) and 
water is valid. This same relationship holds if we treat the whole-rocks as "minerals", and 
substitute "rock" for "mineral" and "quartz" for "water" in equation (1 ). For any chosen 
rock composition or A (Quartz-RockJ value along the abscissa, interaction with progressively 
cooler fluids of fixed isotopic composition will produce greater degrees of fractionation 
between the rock or mineral and the water or quartz. That is, variations along the 
ordinate axis at fixed rock composition are likely to be a strong fanction of the 
temperature of the fluid, assuming it is in equilibrium with the rock. Thus under 
equilibrium conditions, the pyrophyllite data array in Figure 11 . 7 represents equilibration 
0 
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at higher temperatures than the kaolinite data array. Using a similar method, Simon and 
Hoefs (1993) applied an alternative "compositional factor" plotted against 8180 Whole-Rock 
to assign temperatures to sloping 8180 Whole-Rock data-point arrays for metamorphic rocks 
in the Continental Deep Borehole (KTB) on the western margin of the Bohemian Massif, 
Germany. 
Prior to estimating fluid temperatures for these data, and generating a fluid-mixing 
model to explain the observed range in the 8180 data (§11.4.4), it is prudent to test 
whether data points that lie at higher 8180 values at fixed rock compositions represent 
alteration by cooler fluids. Figures l l.8a-d plot the 8180 whole-Rock values for the alunite-
bearing, kaolinite-bearing, illite-bearing and silica-dominated assemblages, respectively. 
It is evident that the lowest 8180 Whole-Rock values tend to be centrally located in the vicinity 
of the Tampakan deposit, where fluid temperatures are expected to be highest, under the 
assumption that the deposit is the locus of the principal magmatic outflow zone for the 
district-scale alteration. Furthermore, among sub-surface samples, the lowest 8180 values 
were obtained from sericite from within the deep central regions of the deposit (plotted as 
Tmpd62 sericite and Tmpd77 sericite in Figure 11.7) where temperatures are likely to be 
hottest, and 8180 fractionation factors are smallest. The highest 8180 Whole-Rock values tend 
to be located around the periphery of the district-scale advanced argillic alteration zone 
where fluid temperatures are expected to be cooler farther along the outflow path. 
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Figure 1 l.8a/b Regional &180Rock values of alunite- and kaolinite-bearing assemblages. 
Chapter 11 District-scale Palaeohydrology 
443 
Integrated Spectral Mapping and Stable Isotope Studies 
- Be ring ' ocks 
' Massive silica 
' Alunite-bearing facies 
{) Illite-Sericite 
0 Kaolinite± Alunite facies 
@ Chlorite-epidote 
1----+--ll*l**'lilF'-----""'--~/i=E~~~~r--t---l-'-f"'-------'l==.P--f----t----t P Tampakan High-Sulphidation Epithennal Cu-Au Orebody > 0.5 % Cn grade outline 
724000 
722000 --
720000 ---· 
712000 ---
710000 
A Al erati n 
§ 
00 
0 ,,., 
------ -----+--! 
NORTH 
5 kilometr s 
NORTH 
D 5 kilometr s 
§ 
00 
-
,,., 
Il!jte-bearin~ whole-rocks 
• 61BQ<6permil 
Hottest proximal 
• 61BQ >6&<7permil 
Hot proximal 
• 61BQ >7 &<8permil 
Intermediate 
• 6180 > 8 & <9 per mil 
Cool peripheral. 
• 61BQ > 9 per mil 
Coolest peripheral. 
C 61BQ not determined 
' Massive silica 
' Alunite-bearing facies (f) Illite-Sericite 
0 Kaolinite ± Alunite facies 
' Chlorite-epidote 
P Tampakan High-Sulphidation Epithermal Cu-Au Orebody > 0.5 % Cu grade outline 
Massive sj]jca alteration 
• 61BQ < 8 per mil Hottest proximal 
• 61BQ > 8 &< 9 per mil Hot proximal 
• 61BQ >9&< IOpermil Intermediate 
• 61BQ > 10&< II per mil Cool peripheral. 
• 61BQ >II per mil Coolest penpheral. 
a 61 BQ not determined 
Figure 1 l .8c/d Regional o180Rock values of illite-bearing and silica-dominated assemblages. 
Chapter 11 District-scale Palaeohydrology 
Integrated Spectral Mapping and Stable Isotope Studies 
444 
11.4 FLUID MIXING MODEL 
11.4.1 Considerations Underpinning the Fluid Mixing Model 
In the upper levels of stratovolcanoes, topographically forced and stratigraphically 
guided radial outflow of cool meteoric waters (Figure 1 l .9b) allows a low-density 
magmatic vapor plume to ascend up to the axial core within a volcanic edifice, without 
encountering enough meteoric water to collapse and dissipate the low-density plume. 
Topography produces meteoric-water pressure gradients that direct flow away from the 
axial magmatic vapor plume. Further evidence that meteoric water flows away from, not 
toward, the heat source comes from the lack of a seawater component in geothermal 
systems of many ocean-island volcanic centres, and freshwater springs on seafloor. Begg 
(1996) showed by 87Sr/86Sr ratios that sea-water strontium was not present in solutions 
which precipitated anhydrite veins within the deep porphyry-style mineralisation below 
the Emperor epithermal deposit on Viti Levu, Fiji, where the host Tavua volcano edifice 
is largely submarine. 87Sr/86Sr ratios of porphyry-stage anhydrite (0.703842 ± 0.000013) 
and late-stage gypsum veins (0.703879 ± 0.000025) from the Tampakan deposit also 
show that the surrounding seawater didn't invade the Tampakan hydrothermal system. 
The conceptual model proposed by Ingebritsen and Scholl (1993) for the Kilauea and 
Mauna Loa hydrological systems in Hawaii likewise involves a deep lens of meteoric 
water that extends below sea-level, is responsible for fresh-water springs on the seafloor 
and accounts for the absence of seawater entrainment into the subaerial geothermal 
systems. 
Cooling of magmatic vapors by decompression and condensation at high-levels allows 
injection of magmatic fluids into high-level, off-axis meteoric water aquifers or summit 
crater lakes. Using chemical and isotopic data, Hedenquist and Aoki (1991) determined 
that magmatic fluids reached the surface at Esan stratovolcano with only minor 
interaction with meteoric water (<50%). Merapi volcano in Java, Indonesia, vents 900°C 
metal and sulphur-rich gases directly to the atmosphere. Thus stratocone-type topographic 
settings are considered excellent candidates for magmatic-meteoric fluid mixing 
processes, and poor candidates for fluid isotopic adjustment of meteoric water by water-
rock interaction in proximity to the heat source. 
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Groundwater hydrology of volcanic plateaus 
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magmatic rocks, becoming enriched In 18Q while rocks In the aureole 
become increasingly 18Q depleted. 
In extreme circumstances, equlllbration of meteoric waters at low 
water/rock ratios within the margins of the Intrusion may generate 
meteoric water which Is lsotoplcally indistinguishable from primary 
magmatic water (Campbell et al. 1984). 
Actual magmatic waters are rarely observed in this environment, as 
they were absent or diluted beyond recognition by radial Inflow. 
Groundwater hydrology of 
central-vent volcanoes 
+13..-==::-~~~~~~~~~~~-;:-~~~~~ 
+ 11 
+9 
+1 1------------~--....,-------------------.;--:~ 1)111() 
-2 
-5 
Magmatic Fumaroles 
in Axial Vents 
b 
Radial outflow of high-level meteoric waters within the volcanic edi-
fice (white arrows) allows shallow emplacement of a low-density 
magmatic vapor plume (grey arrow). 
Deeply sourced and potentially rock-equilibrated meteoric-connate-
marlne waters (black arrows) are prevented from ascending to shal-
low-levels within the hydrothermal system by high outflow rates of 
cool meteoric water along volcano-flank aquifers and by low perme-
ability under the edifice load. These hypothetical deep fluids are not 
observed In the shallow mineralising environment within the volca-
nic edifice. 
18Q enriched waters at high-levels In the edifice are generated by 
mixing between ascending magmatic fluid and cool meteoric 
ground-waters. The latter are not equilibrated with magmatic rocks 
due to cool temperatures (<50-200<>C) at shallow levels In the volca-
nic edifice and rapid fluid flux at high water-rock ratios within the 
stratocone, especially In pluvial cllmates. 
Magmatic flu id can reach near surface regions at temperatures of 
-3oooc in recognizable proportions. 
Figure 11.9 Contrasting hydrological settings in which the isotopic composition of meteoric 
waters are enriched by high temperature isotopic exchange with the country rocks (a) in deep 
basement settings well below the volcanic centre and in flat topography, and by fluid mixing 
with magmatic waters (b) at high-levels in volcanic stratocones. 
Sanford et al. (1995) determined the residence time of out-flowing acidic ground water 
from the crater-lake in the Poas volcano, Costa Rica, using numerical simulations. 
Estimates of 1 to 30 years for the residence time agreed with the results of tritium 
analyses for the discharge waters of the Rio Agrio springs at the base of the volcano. The 
cooler environment and short residence time of meteoric water in the upper parts of 
volcanic edifices translate to minimal 180-emichment of the meteoric waters by water-
rock isotopic exchange. 
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Porphyry-stage ores at Tampakan are As-poor, so its introduction into the high-
sulphidation-stage epithermal mineralisation requires new input as a magmatic gas 
component. That is, the high-sulphidation mineralisation cannot simply be a 
redistribution of a porphyry-stage protore by pure meteoric waters that had been heated 
and isotopically exchanged with igneous rocks. 
Fluid inclusion data from high-sulphidation-stage hydrothermal quartz in the Tampakan 
deposit (Fu and Clarke, 1994) define a linear relationship between salinity and 
homogenization temperature which reflects a simple mixing trend between -375°C 
magmatic fluids at -5 wt.% NaCl and fresh meteoric water (Figure 10.3). The chloride-
rich end-member of this mixing array must be a magmatic fluid because seawater is 
eliminated by the Sr isotope data cited above and because meteoric ground waters 
circulating through an andesitic volcanic center cannot gain sufficient chloride by 
leaching igneous crystalline rocks. 
11.4.2 Calculation of End-Member Fluid Compositions 
The temperatures and oxygen isotope compositions of the magmatic and meteoric end-
member fluids are needed in order to model the mixing ratios. Assuming that the rocks 
plotted in Figure 11. 7 had equilibrated with hybrid magmatic-meteoric fluids, and that the 
linear trend in the pyrophyllite-bearing assemblages in Figure 11. 7 define a narrow 
temperature interval (nearly isothermal) in 8180 - AcQuartz-Rock) space, then the isotopic 
composition of hybrid magmatic-meteoric waters in equilibrium with the pyrophyllite-
bearing assemblages can be calculated over the narrow temperature window of 
pyrophyllite stability. Discussed below are the procedures employed to estimate the 
isotopic composition and temperature of the two fluid end-members that mixed and 
interacted with the rocks to yield the whole-rock 8180 data in § 11.4.4. 
The meteoric water end-member was assigned a 8180 of -6%0 (§10.3.4; Chapter 10). A 
temperature of 60°C was assigned to the groundwater (at the mixing site) based on a 
palaeo-depth estimate of -2km(§11.5) and a geothermal gradient of -30°C/km. 
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Hybrid Magmatic-Meteoric Water in Equilibrium with Pyrophyllite. 
The <5 180 isotopic composition of the second "end-member" fluid - that is a hybrid 
water in equilibrium with the pyrophyllite-rich rocks - can be calculated from the 
<5180whole-Rock values if the formation temperature of the pyrophyllite-bearing assemblage 
is known. Hemley et al. (1980) experimentally determined the upper stability limit of 
pyrophyllite relative to andalusite+quartz as 366° ± 10°C at 1 Kb, and the lower stability 
limit of pyrophyllite relative to kaolinite+quartz as 273 ° ± 10°C at 1 Kb according to the 
following reactions: 
A}zSi401o(OH)2 + HzOuq ~ AhShOs(OH)4 + 2Si02 (2) K = (lxl 2)/(lxl) = 1 
Pyrophyllite Water Kaolinite Quartz 
AhS4010(0H)2 ~ A}zSi05 + 3Si02 + Hz01iq (3) K = (lxl 3xl)/1=1 
Pyrophyllite Andalusite Quartz Water 
The Clapeyron derivatives, dP = M , of these reaction boundaries were assessed using 
dT fl.V 
SUPCRT92 (Johnson et al. 1992) and used to evaluate the equilibrium temperatures at 
200 bars relative to the 1 kbar temperatures determined by Hemley et al. (1980). This 
yields 275°C and 343°C as the stability range of pyrophyllite at 200 bars. Both of these 
estimates accord with the data of Berman (1988). 
Using equations (4) through (6), equation (7) allows calculation of the <5 180H2o for 
water in equilibrium with the pyrophyllite-bearing assemblages. 
( .4 )xl06 (j 180 -8 180 = '"'(Rock-H20) + B 
Rock H20 T2 (Rock-H20) (4) 
~Rock-H20) = A(Quarlz-H20) - ~Quartz-Rock) (5) 
( .4 - .4 )xl06 ~ 180 = ~ 180 _ "(Quam-H,O) '"'(Quartz-Rock) 3 31 u H,O u Rock T2 + · (6) 
(3.34- .4 )x106 ~180 =~180 '"'(Quartz-Rock) 331 U HO U Rock 2 + . 
' T 
(7) 
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The value of AcQuartz-H20) = 3 .34 was taken from the fractionation equation of Matsuhisa 
(1979) for temperatures between 250°C and 500°C. Because B(Rock-H20) = BcQuartz-H20) -
BcQuartz-Rock) and since B is typically zero for fractionations between two solids, we assign 
B(Rock-H20) = BcQuartz-H20) = -3.31. Temperature (T) is in Kelvins. Equation (7) was solved 
for the two lowest-temperature (highest-8180) pyrophyllite-bearing samples (a and b; 
Figure 11.10) using a temperature of 275°C (minimum stability limit of pyrophyllite). 
Equation (7) was solved for the two highest temperature (lowest 8180) pyrophyllite-
bearing samples (c and d; Figure 11.10) using a temperature of 343°C (maximum stability 
limit of pyrophyllite). The corresponding minimum and maximum calculated 8180 values 
of the fluid in equilibrium with the pyrophyllite-bearing samples are +0.84%o and+ 1.42%0 
respectively. These values broadly corroborate the light 8180 values estimated for high-
sulphidation-stage hydrothermal sericite (Figure 10.5). The average temperature and 8180 
of hybrid hydrothermal fluids in equilibrium with the pyrophyllite-bearing samples 
(Figure 11.10) is the mean (309°C) of the maximum and minimum temperature and the 
mean ( + 1.13 %0) of the calculated 818 0 values of the fluid in equilibrium with these 
samples. 
11.4.3 Derivation of Isotherms for Hybrid Fluid 
Having defined the composition of the two mixing components: 1) meteoric water at 
~60°C and 8180 = -6%0; and 2) a magmatic-fluid-enriched hybrid water at 309°C and 
8180=+1.13%0; manipulation of equations (8) through (11) produces an expression (12) 
from which isotherms can be plotted in 8180 -AcQuartz-Rock) space. 
Using the standard equations for fractionation between Quartz-Water (8) and for 
Quartz-Rock (9) 
18 18 [106 ( )] 8 QQ11artz - 8 OH,O = T2 AcQuartz-H20) + B(Quartz-H20) (8) 
18 18 [106 ( )] 8 QQuartz -8 QRock = T2 A(Quartz-Rock ) (9) 
(8)-(9) yields: 8180 -8 180 -[~(A )]-[~(A )] B (10) Rock H20 - T2 (Q11artz-H,O) T2 (Quartz-Rock) + (Q11artz-H20) 
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Rearranging (10) 8 130Rock = [ ~: { A(Quartz-H,O)) ]-[ ~26 ( A (Quartz-Rock) )] + B(Quartz-H20) + 80~,o (1 l) 
Substitution of (A(Quartz-H,0))=3.34 and B(Quarlz-H,0 ) =-3.31 (Matsuhisa 1979) 
gives 18 [3340000] [10
6 
( )] 18 
8 QRock = T2 - T2 4Quartz-Rock) -3.31+8 OH,O (12) 
Equation (12) can be used to generate isotherms in coordinates of 8180rock and AcQuartz-
Rock)· During mixing of groundwater and a magmatic-meteoric hybrid, the enthalpy, 
salinity and 8180 of the resultant hybrid fluids are linear functions of the mixing 
proportions of the two fluids. The temperature of liquid water varies almost linearly with 
enthalpy up to 280°C (Helgeson and Kirkham, 1974). The temperature (Kelvin) of the 
isotherm to be derived is input into equation (12) together with the appropriate 8180 value 
of the hybrid fluid, based on the relative mixing proportions defined by the selected 
isotherm. 8180Rock values in equation (12) are then solved for selected values of 
AcQuartz-Rock) (plotted as the abscissa in Figure 11.10). Repeating this procedure for a series 
of temperatures allows derivation of the fan of isotherms plotted in Figure 11.10. 
Furthermore, for each analysed rock sample having an identified 8180Rock value and 
AcQuartz-Rock) value in Figure 11.10, equation (12) can be solved iteratively by inputting 
paired fluid temperature and 8180 820 values appropriate for selected increments of 
mixing, and so derive the temperature and 8180 820 of the hybrid fluid in equilibrium with 
each rock specimen. All possible rock compositions (expressed as AcQuartz-Rock) values 
along the abscissa) which could have equilibrated with a fluid of the temperature defined 
by a selected isotherm and having a 8180 820 value that is fixed by the mixing proportions 
of the two end-member fluids, must have a 8180Rock value as represented on the ordinate 
axis. Furthermore, the proportion of magmatic water within the hybrid fluids which 
"equilibrate" with each rock can be calculated using the known mean 8180 value of the 
magmatic fluid in equilibrium with hornblende and biotite phenocrysts (+6.7%o; pp. 244), 
the 8180 value of the hybrid water in equilibrium with the pyrophyllite-bearing 
assemblages ( + 1.13 %0) and the 8180 value of meteoric water (-6%0 ), and solving as a 
linear mixing equation. The proportion of magmatic fluid in each of the hybrid fluids 
scales directly with the enthalpy (-temperature) and the 8180 of the hybrid fluids . 
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Figure 11.10 Isotherm array of hybrid waters in equilibrium with rock samples from the 
Tampakan district. The isotherms (red and black lines) were modelled assuming the hybrid 
waters formed by mixing between a ground water at 60°C and -6 %0 5180 and a magmatic-
meteoric hybrid fluid at 309°C, +l.13%o 5180 that is in equilibrium with the pyrophyllite array 
(six pink squares in the lower right-hand part of the plot). In these plotting coordinates, the 
analysed samples fall into facies-related clusters that have a distribution that is qualitatively 
consistent with their relative distance from ore and that is dependant on the relative intensity of 
base cation leaching. Only at the highest alteration intensities are the plotted isotherms believed 
to represent average temperatures of mineral formation. At lower temperatures (<125°C?) and 
intensities of alteration, the "isotherms" are qualitative guides to the orientation of gradients in 
exchange kinetics and temperature. 
11.4.4 Zonation of Fluid Mixing Proportions, Temperature and Alteration Facies. 
The temperature array defined in 0180 - A (Quartz-Rock) coordinates (Figure 11.10) for 
fluids in perfect exchange equilibrium with each of the whole-rocks is generally 
consistent with temperature ranges expected for advanced argillic assemblages and 
secondary silica bodies directly enveloping ore, but are too low to represent complete 
isotopic equilibrium between fluid and rock in the less intensely leached samples. For 
example, chlorite and epidote (plotted at 70°C to 88°C in Figure 11. l 0) are unstable 
relative to smectite at temperatures less than -200°C (Robinson and Santana de Zamora, 
1999; Capuano and Cole, 1982). Figure 11.4 (red points) shows the sampling variability, 
1so0c 
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wherein there is good reproducibility of 8180Rock values when two different sets of 
samples were measured from the same outcrop locality. The outcrop-scale reproducibility 
of 8180Rock suggests that fluid flow is pervasive at the outcrop-scale. If there is any small-
scale variability in the degree to which the hybrid fluids equilibrated with the rocks, it is 
likely to occur in the cooler and distal areas where water-rock ratios are lower due to the 
less altered and less fractured nature of the rocks, and is likely to be smaller than the 
outcrop-scale of chip-composite samples. 
Nevertheless, the general distribution of fades-related data clusters is consistent with 
the expected zonation in fluid temperature and water-rock exchange kinetics. The illite-
sericite-bearing assemblages range widely in modeled temperature, from ~67°C to greater 
than 309°C. However, as illustrated in Figure l 1.8c, the higher 8180 values of the illite-
bearing assemblages occur toward the periphery of the district, and on average, the lower 
8180 values for the illite-bearing assemblages occur closer to ore in the center of the 
district, consistent with the sense of temperature distribution plotted in Figure 11.10. Two 
muscovite samples from deep within the deposit, near the base of the advanced-argillic 
lithocap in drillholes Tmpd62 and Tmpd77 (these were dated by 40 Ar-39 Ar; Chapter 4), 
plot with temperatures above 300°C. Because these two muscovite samples are located 
within and on the edge of the core magmatic vapor plume, they are expected to have the 
highest model fluid temperatures. The kaolinite- and the alunite-bearing assemblages 
range in apparent exchange temperature between 71 °C and 151 °C, consistent with their 
spatial location which is more distal from the principal magmatic upflow zone relative to 
the main illite-bearing assemblage (Figure 11.1 and 11.2). The secondary silica 
assemblages (>90% Si02) display a wide range in temperatures. There is a cluster with 
8180Rock values between +8%0 and +10%o that have modeled temperatures of 197°C to 
260°C. These rocks are located at two centers within the district. One cluster is near the 
Tampakan deposit (Figure l 1.8d) while the second cluster is around the Bongsbang 
Quarry (Figure 11.8d and 11.3). The quarry, a local source of road metal, comprises 
multiple generations of hydrothermal breccia that have been repeatedly silicified, re-
brecciated, and re-cemented by cherty quartz. The locality is inferred to be a separate 
discharge point for magmatic fluids. The lack of mineralisation in the quarry may be 
because the present erosion surface lies at high levels within a system that is mineralized 
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at greater depth. The three silica-altered rocks that have modeled temperatures <125°C 
(Figure 11.10) occur in distal locations relative to the two higher-temperature silica 
bodies and high-sulphidation orebody (Figure l 1.8d). 
The rocks which are plotted as least altered in Figure 11.10, based on the lack of 
identified hydrous mineral phases in PIMA II TM spectra, have modeled temperature 
ranges varying from <25°C up to 110°C. Most of these "least altered" rocks are very 
weakly chloritised and only three samples gave well-defined chlorite signatures with the 
PIMA II™ spectrometer. The presence of micro-veinlets of calcite, quartz and chlorite 
within many of these "least altered" rocks could raise their bulk rock 8180 values by 1-
3%0 above values for average fresh rock (+5.7%o) (Figure 11.7) due to mechanical 
mixtures at scales smaller than the hand-specimen scale, while maintaining 
reproducibility of 8180 values at the outcrop scale (Figure 11.4). 
11.4.5 District-Scale Variation in Meteoric Entrainment During Magmatic Fluid 
Outflow 
For an idealized case in which conductive heat dissipation is negligible relative to the 
advected heat flux, Equation 12 was used to estimate the nominal temperature of hybrid 
waters and the proportion of magmatic water that is implied by the 8180-AcQuartz-Rock) 
value of each rock sample and the constraints on 8180 values of meteoric- and magmatic-
water end-members. The data for surface samples are plotted and contoured in Figures 
11.11 to 11.13, together with the outline of the remnant erosional rim of the stratovolcano 
at ~ 1000-1300 meters elevation. The Tampakan deposit is located on the WSW edge of 
the truncated volcanic landform, and lies near the central portion of the district-scale 
alteration zone where modeled fluid temperatures of surface samples are greatest (207°C 
to > 309°C; Figure 11.11 ), and where the modeled proportion of magmatic fluids within 
the mixed hybrid waters is greatest (33% to >56%; Figure 11.12). The high-sulphidation 
ore deposit has independent fluid inclusion homogenisation temperatures that range up to 
~390°C in deep drillcore samples (Figure 10.3) that are consistent with these isotopically-
modeled palaeo-temperatures at the present erosion surface. 
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Figure 11.11 Contours of the modelled temperature (0 C) of hybrid palaeo-geothermal waters at 
the current erosion surface within the Tampakan district. The plotted and contoured temperatures 
are for waters that would be in isotopic equilibrium with the whole-rocks whose isotopic 
compositions are listed in Appendix H. The hachured outline represents the position of the 
remnant erosional rim of the stratovolcano at ~ 1000-1300 metres elevation. The Tampakan 
deposit is located in the centre of the contour distribution where the temperature of palaeo-
geothermal waters was highest and where there are steep fluid temperature gradients associated 
with mixing between ascending high-density magmatic gases (§ 11 .5) and ground water. The 
palaeo-geothermal waters have flowed down-slope to lower elevations along the northwest, west 
and south-southwest flanks of the volcano, locally guided by regional fractures within the 
volcanic sequence. 
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The deposit is located within a 5 km long by 1.5 km wide NNE-trending zone in which 
both modeled fluid temperatures and proportion of magmatic water contents are highest. 
This NNE-elongation of the distribution of the higher temperature palaeo-geothermal 
waters is parallel to the long dimension of the Tampakan high-sulphidation orebody, is 
parallel to major NNE-trending faults within the orebody (Pula Bato and Lawitt Fault 
Zones) and is sub-parallel to several regional topographic lineaments (faults) that transect 
the eroded volcanic center (Figures 11.11 and 11.13). These faults are dilational (Chapter 
3) and had a major control on magmatic fluid input into the Tampakan hydrothermal 
system. The deposit is located in a region where lateral gradients in the temperature and 
proportion of magmatic fluid are the steepest in the district. These steep gradients are 
consistent with a zone of mixing between magmatic and meteoric waters, located above a 
magmatic vapor plume under the deposit. The magmatic vapor plume was located with 
higher resolution at the deposit-scale in Figure 9.10. 
On a regional-scale, the mixed magmatic-meteoric hybrid waters became cooler and 
increasingly diluted with meteoric water down-slope to the west of the deposit, where the 
fluid flow fanned out along three lobate-shaped zones (A, B and C - Figures 11.11 and 
11.12) at lower elevations around the western side of the eroded volcanic center. The 
overall star-like geometry of the 100°C isotherm and 9% magmatic-water contour 
(Figures 11.11 and 11.12) implies radial outflow from a single volcanic center, but the 
radial outflow geometry applies only to the four western-most limbs of the contours that 
extend to low elevations. As outlined in § 11.4.5 and in Figure 11.3, the Silway Prospect 
and the Bongsbang silica quarry, which coincide with the southeastern and eastern limbs 
of the contours (D, E; Figures 11.11 & 11.12), may be separate areas of magmatic fluid 
input into the hydrological system. 
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Figure 11.12 Contours of the modelled fraction of magmatic water(%) in mixed magmatic-
meteoric hybrid waters. The contours are identical in form to those in Figure 11.11 because they 
both represent binary mixing between two fluids in which temperature and 8180nuid variation are 
a simple linear function of the mixing proportions. Progressive dilution of acid-sulphate solutions 
occurs westward, downslope from the Tampakan deposit, as increasing proportions of meteoric 
water are mixed with the magmatic fluids. Alteration (and high-sulphidation Cu and Au 
mineralisation) within the Tampakan deposit is associated with waters that have a modelled 
magmatic fluid component in excess of 50%. 
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Figure 11.13 Contours of the modelled temperature of palaeo-geothermal waters in the 
Tampakan district superimposed on a digital terrain model of the present day topography. The 
lightly hachured circular shape represents the 9 km wide, erosionally truncated, upper surface of 
the middle Pliocene Tampakan volcanic centre (see Figure 3.3 for original topographic image). 
North and west of the ore deposit, the alteration "lobes" occur along deeply eroded valleys that 
follow fault zones. 
Chapter 11 District-scale Palaeohydrology 
Integrated Spectral Mapping and Stable Isotope Studies 
11.5 ENTHALPY AND DENSITY OF THE MAGMATIC END-MEMBER 
FLUID 
457 
Figure 10.3 (Chapter 10) demonstrated a linear correlation between the temperature and 
salinity of fluid inclusions that trapped high-sulphidation-stage fluids. The linear array 
constitutes strong evidence that ore was precipitated during mixing of two fluids of 
contrasting temperature and salinity, so conductive or evaporative cooling are not 
significant factors in the thermal evolution in that temperature range. The fluid inclusion 
data indicate that the high-temperature magmatic fluid in the high-sulphidation-stage 
mixing trend (Figure 10.3) had a temperature of ~375°C at the high-temperature end of 
the mixing array, and a bulk salinity of ~5 wt.% NaCL The range of 8180 in altered rocks 
and the distribution of variation in 8180rock within the district are consistent with 
alteration and mineralisation by hybrids of meteoric and magmatic fluids, in a mixing 
model that is pinned at the meteoric water end (-6%0 8180; ~60°C) and at one other point 
( + 1.13%0 8180; 309°C) for the pyrophyllite plus quartz assemblage. Using this 
information and basic relations in physical chemistry, the remainder of this chapter will 
investigate the deeper-level hydrology of the Tampakan high-sulphidation epithermal 
system, between the site of initial magmatic fluid release from the magma and the region 
of fluid mixing within the deposit. 
11.5.1 Enthalpy of Magmatic Fluid at the Mixing Site 
In § 11.4.3 the isotopic composition and temperature were calculated for hybrid 
geothermal waters in equilibrium with high-sulphidation-stage pyrophyllite (1.13%0 8180 
and 309°C) and for palaeo-groundwater (-6%0 8180 and ~60°C at ~2 km depth). As will 
be shown below (Figure 11.16), the magmatic fluid was a vapor-dominated two-phase 
fluid (bulk density ~0.2 glee) whereas the meteoric water that it mixed with was a liquid 
phase. A physical system's "extensive" variables (e.g. mass, volume, enthalpy) and some 
kinds of intensive variables (concentrations of conserved chemical species) mix linearly. 
8180 and 8D values also mix linearly: Osystem = L:Xi 8r, wherein Xi are mole fractions of 
mixing members i (Gregory and Criss, 1986). Many "intensive" variables (e.g. 
temperature, pressure, density, electrical conductivity) do not mix linearly between liquid 
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and vapour phases. Using the linear mixmg relation, for extensive variables, two 
estimates for the enthalpy of the magmatic fluid at the onset of mixing are derived (Figure 
11.14). Because specific enthalpies can be mixed linearly between two liquid end-
members and also between a vapor-like fluid and a dense liquid-like fluid across the two-
phase curve, we can determine a broad estimate of the enthalpy of the low-density 
magmatic fluid on the high-enthalpy side of the two-phase curve by extrapolating the 
enthalpy of meteoric water and of known hybrid fluids. 
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Figure 11.14 Enthalpy versus 8180water plot showing mixing relations between meteoric 
groundwater (M) having 8180 = -6%0 and hybrid fluids, H1 = 1.25%0 at 275°C and H2 = 0.78%0 at 
343°C, in equilibrium with pyrophyllite-bearing assemblages at the upper (343°C) and lower 
(275°C) thermal stability limits of the pyrophyllite plus quartz assemblage. Extrapolation of 
binary mixing trends to the magmatic 8180water value of +6.7%o (§10.4) allows estimation of a 
possible range in enthalpy for the magmatic fluid (1879 to 2649 joules/gram) at the onset of 
mixing. Values of the specific enthalpy of pure liquid and steam at 2-phase saturation pressures 
are taken from Haar et al. (1984). The values for the specific enthalpy of NaCl solutions at 
275°C (4 wt.% NaCl) was obtained by interpolation of the data from Haas (1976) and that at 
343°C (3 wt.% NaCl) from Tanger and Pitzer (1989). The salinity values for the fluids in 
equilibrium with the pyropyllite-quartz rocks were scaled from the fluid inclusion mixing array 
in Figure 10.3 at 275°C and 343°C. 
In Figure 11.14, the 8180 value and specific enthalpy of groundwater is -6%0 and 251 
joules/mole. The two points that represent water in equilibrium with the pyrophyllite-
bearing assemblage (H1 and H2) represent independent estimates of enthalpy and 8180 of 
two hybrid waters in equilibrium with the pyrophyllite-bearing rocks. In assessment of the 
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array of six pyrophyllite points in Figure 11.10, point 'a' is assumed to lie along a low-
temperature-limit isotherm (275°C) and point 'd' on a high-temperature-limit isotherm for 
pyrophyllite plus quartz stability (343°C). The estimates of 1879 joules/gram and 2649 
joules/gram were obtained by extrapolation of the bounding mixing lines to the 8180 
value of the magmatic fluid end-member at the onset of mixing with meteoric water at the 
base of the hydrostatically pressured zone. 
The transition of fluid pressure from lithostatic to hydrostatic load in the earth's crust is 
correlative with the brittle-ductile rheologic transition, which is strongly controlled by the 
ambient rock temperature. The transition typically occurs at a temperature of 300-400°C 
(Hayba and lngebritsen, 1997; Fournier 1999). At temperatures above -400°C, mineral 
deposition and plastic deformation rapidly close off permeability. This 300-400°C 
temperature range is broadly equivalent to the temperature of the magmatic fluid end-
member, -375°C, at site of initial mixing at the base of the deposit. If the lithostatically 
pressured fluid maintained approximate thermal equilibrium with the rocks it was 
hydraulically cracking, then the onset of fluid mixing of groundwater and magmatic 
hydrothermal fluid at the base of the high-sulphidation deposit must occur at the 
lithostatic-hydrostatic transition. This also implies that magmatic fluid migrates entirely 
through a ductile regime, from the generative intrusion to the base of the deposit. 
11.5.2 Pressure and Density of the Magmatic Fluid 
The fluid inclusion and 8180 data indicate that the magmatic fluid which condensed and 
mixed with meteoric water in the Tampakan high-sulphidation deposit had a temperature 
of -375°C, a bulk salinity of -5 wt.% NaCl and a bulk enthalpy in the range of 1879-
2649 joules/gram. This bulk magmatic fluid at the onset of fluid mixing can be plotted in 
pressure-enthalpy co-ordinates using the above constraints. Figure 11.16 is a pressure 
versus enthalpy plot that shows the critical curve for a 5 wt.% NaCl solution together 
with the single-, two- and three-phase fields, isotherms of liquid and vapor, and isochores 
of liquid and vapor. A simplified description of the behavior of liquid and vapor in a 5 
wt.% NaCl-H20 system in pressure-enthalpy co-ordinates is presented in Figure 11.15. In 
Figure 11.16, the intersection of the 375°C isotherm with the 1879-2649 j g-1 enthalpy 
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band constrains the upper pressure limit of the magmatic fluid at the onset of mixing, and 
indicates that the bulk magmatic fluid lies within the two-phase field of vapor + brine. 
The portion of the polybaric isothermal evaporation/condensation trapezoid at 375°C 
(Figure 11.16; C*-C**-D**-D*) that lies within the 1879-2649 j g·1 enthalpy band defines 
an initial constraint on the possible position of the bulk magmatic fluid (liquid+ vapor) at 
5 wt.% NaCl during the onset of magmatic-meteoric fluid mixing (i.e. 137-214 bars 
hydrostatic pressure and 1879-2649 joules/gram specific enthalpy). As the two-phase 
fluid progressively condensed during mixing with groundwater, the condensed brine 
composition moved along the D*-D** limb of the trapezoid. After complete condensation 
the condensed liquid lies at D**. The condensate liquid at D*-D** has a density of ~0.7 
glee or greater and easily mixes with groundwater as it rises in a buoyant plume to lower 
pressures in the hydrostatic regime along the trajectory of D*/D**-E. 
Fluid inclusion data indicate that hybrid fluids at temperatures less than ~375°C were 
mostly vapor-undersaturated. A completely condensed fluid at 360°C and 5 wt.% NaCl 
requires PFiuid 2 180 bars to prevent boiling (Bischoff and Pitzer, 1989; Table 1 ). i.e., 180 
bars is the minimum vapor pressure of a 5 wt.% NaCl brine at 360°C. For a typical warm 
hydrostatic pressure gradient of 90 bars/km the corresponding hydrostatic depth, required 
to prevent boiling, is 2 km. The required hydrostatic pressure of 2180 bars further 
constrains the pressure conditions of magmatic vapor condensation to lie between 180 
and 214 bars of hydrostatic pressure for a 5 wt.% bulk NaCl solution at 360-375°C. 
The enthalpy constraint in Figure 11.16 indicates that magmatic fluid arrived at the base 
of the mixing zone as a vapor-dominated two-phase mixture. The linear temperature-
salinity trend of most fluid inclusions that trapped high-sulphidation-stage hybrid fluids 
(Figure 10.3) suggest that all the vapor quenched at the onset of mixing. The relatively 
few high-sulphidation-stage fluid inclusions that display high salinities may represent 
undiluted magmatic liquid that condensed at depth from vapor that ascended through the 
lithostatically-pressured rock column and was entrained upward. Alternatively, the few 
high-salinity inclusions may have formed by occasional episodes of flash-boiling during 
pressure release associated with fault-rupturing of the main silica-cap, as implied by 
widespread silicified breccias at shallower levels in the hydrothermal system. 
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Figure 11.15 Pressure-enthalpy diagram with phase boundary curves for a 5 wt.% NaCl 
solution. The green arrows illustrate two isothermal decompression trajectories for two 
hypothetical magmatic fluids to illustrate the general phase behavior in the H20-NaCl system. 
The red curves define the vapor (dew point curve) and brine (boiling point curve) limbs that meet 
at the critical point (yellow star) at the base of the critical curve. The blue triangle (B-C-C*) and 
blue trapezoid (G-F-F*-G*) are the polybaric isothermal fields of vapor+ brine at 550°C and 
375°C. The relative sizes of the blue circles schematically represent the proportions of liquid and 
vapor at any given pressure. Isothermal decompression of a 5 wt.% NaCl brine at 550°C follows 
the trajectory A ~B as a single-phase supercritical fluid. When it intersects the critical curve at 
751 bars (B), it begins to umix. The resultant liquid and vapor move down the low and high 
enthalpy limbs of the blue triangle during progressive pressure release (B-C liquid limb; B-C* 
vapor limb). As the temperature is held constant at 550°C and the pressure is dropped from 751 
bars to 376 bars, the proportion of vapor increases and the residual brine gets saltier until halite 
saturation is reached at 376 bars. Halite-saturated brine (C) boils dry at 376 bars at 550°C. With 
further isothermal decompression, the 550°C isotherm crosses the vapor + halite field with 
increasing enthalpy. A decompressing brine at 375°C and 5 wt.% NaCl behaves in a similar 
manner. Because this low temperature fluid (375°C) intersects the two-phase curve (214 bars) 
below the critical point, at the onset of phase separation the brine (F) and vapor (F*) have very 
different enthalpies, in contrast to their counterparts in the supercritical 550°C system. 
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Figure 11.16 (Opposite) Pressure versus enthalpy plot showing the one-, two- and three-phase 
fields for the H20-NaCl system with 5 wt.% NaCl, and showing vapor and liquid isotherms and 
isochores. The trajectory of the Tampakan high-sulphidation magmatic fluids (yellow arrows and 
black boxes) from the point of exsolution (A) from the parental melt to the site of isoenthalpic 
decompression (B-C) at the brittle-ductile transition, and the path of subsequent condensation 
and mixing in the deposit (D*-D**-E) are discussed in the text. The brittle-ductile transition is 
assigned to the 400°C isotherm. The diagram (opposite) was compiled using the following 
methodology and sources. 
a) The pressures and enthalpies for points on the vapor-liquid saturation surface (large red 
points) and for co-existing liquid and vapor below the critical point were interpolated to a 5 
wt.% NaCl bulk composition using data between 300°C and 600°C from Table 1 in Tanger 
and Pitzer (1989). 
b) The pressure and enthalpy for the vapor and liquid at salt saturation, which define the basal 
corners of the isothermal condensation/boiling triangles and trapezoids (hollow circles) 
were plotted between 300°C and 525°C using data from Table 1 in Tanger and Pitzer 
(1989). 
c) The brown control points on the vapor-liquid saturation surface at 800°C (1056 bars) and 
900°C (941 bars) were scaled from the vapor-liquid equilibria in Figure 8 of Anderko and 
Pitzer (1993), using a 5 wt.% NaCl solution (XNaci = 0.016). 
d) The blue control point on the vapor-liquid-halite saturation surface at 735°C and 190 bars is 
scaled from Figure 9 of Sourirajan and Kennedy (1962). 
e) The 100°C, 200°C and 300°C isotherms on the 5 wt.% NaCl brine surface (green points) 
and at higher pressures were plotted using data from Table A-17 of Pitzer et al. (1984) 
which were interpolated for a 0.9 molal NaCl solution. 
f) From the large red control points on the vapor-saturated brine curve, the 350°C to 600°C 
isotherms were extended up into the one-phase field using the following relation along each 
isotherm: dH = Cpar + [v mean -T ( :; ) P] dP; 
Integrating along isotherms yields: H =H +[(vr,P2 +vr,P1 J-r(av) JP -P 
p2 pl 2 BT p 2 I 
mean 
(where Hp1 is known from a). The program 'Loner 15' developed by R.Bakker for 
calculating PVTX properties of H20-COi-NaCl-KCl solutions was used to evaluate the 
bracketed terms and Hp2 in finite-difference increments shown by small red dots along the 
isotherms. 
(http://www.unileoben.ac.at/~buero62/minpet/ronald/Programs/Computer .html) 
g) The enthalpies of the 700°C, 800°C and 900°C isotherms at 1 kbar pressure were 
calculated by extrapolation from the known values at lower temperatures calculated in step 
f) and assuming a constant heat capacity. i.e. H r
2 
- H 1i = Cp ( T2 - I;) . 
h) The isotherms at 700°C, 800°C and 900°C at pressures> lkbar were calculated using the 
procedure outlined in f), but taking Hp1 as the values derived in step g) at 1 kbar. 
i) The isotherms of vapor within the halite-saturated field (150-700°C) are taken to be the 
same as for pure H20 vapor because at temperatures <700°C and pressures <300 bars the 
solubility of NaCl in vapor is <l wt.% (Sirorijan and Kennedy, 1962). These isotherms and 
the O.OOlg/cc and 0.01 glee isochores in the vapor-halite field were reproduced from 
Truesdell (1984) in the region below ~300 bars. 
j) Control points (purple circles) for the density isochores in the dense vapor and brine fields 
were calculated by iteration using the Loner 15 program of R.Bakker. 
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Accepting that the temperature of the magmatic end-member fluid at the onset of 
mixing in the deposit is ~375°C, and is broadly equivalent to the brittle-ductile transition 
in rocks at that temperature, then rapid decompression of lithostatically-pressured, 
ascending magmatic fluid must occur across the lithostatic-hydrostatic boundary within or 
near the hottest and deepest parts of the high-sulphidation deposit. In Figure 11.16 
(above), box 'C' defines the range of possible enthalpy-pressure (depth) locations of a 
bulk three-phase fluid (liquid-vapor-halite) at the onset of mixing. Because ambient wall-
rock temperatures reflect thermal conditions near/at the brittle-ductile transition, 
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decompression of a two-phase magmatic fluid (liquid plus vapor) across the lithostatic-
hydrostatic boundary must occur near or at the site of initial mixing. Box 'B' (Figure 
11.16) is the location of the lithostatically-pressured, two-phase magmatic fluids 
conjugate to the hydrostatically-pressured condition in Box 'C'. Boxes B and C lie at the 
same depth and represent the lithostatic and hydrostatic pressures, respectively, at a 
palaeodepth of 1.9-2.2 km. A hydrostatic pressure of 180-214 bars at a palaeodepth of 1.9 
km to 2.2 km (97.4°C/km hydrostatic pressure gradient) is equivalent to a lithostatic 
pressure of 501-591 bars when Prock= 2.75 glee. 
Fluid decompression across the lithostatic-hydrostatic boundary is an irreversible 
expansion process that is rapid relative to rates of conductive heat exchange between 
fluid and rocks, and so must be nearly isoenthalpic (Toulmin and Clark, 1967). A two-
phase magmatic fluid at 2.2 km palaeodepth and 591 bars of lithostatic pressure (B*) 
would decompress by 377 bars to 214 bars of hydrostatic pressure (C*) as it ascended 
into the hydrostatic regime. It would also "instantaneously" cool by - 150°C, from 525°C 
to 375°C. The magnitude of pressure and temperature drop upon decompression would 
depend on the location of the initial fluid within box B; nevertheless the decompression 
and cooling must be substantial. Decompression results in significant cooling of the two-
phase fluid (by - 150°C). The magmatic vapor phase collapses as it mixes with meteoric 
groundwater on the low-pressure side of the brittle-ductile transition, following path C* 
to D* at -2 km depth (Figure 11.16). 
11.5.4 Phase Proportions and Salinity of Magmatic Fluid During Exsolution and 
2-Phase Ascent 
The intrusive body(s) that released the volatiles for the high-sulphidation mineralisation 
at Tampakan has not been identified, so constraints are derived regarding its primary 
magmatic water content in order to plot the magmatic fluid at the site of exsolution (A) in 
Figure 11.16. The time series of calculated magmatic water contents (Chapter 6) and the 
conjugate time series in depth at which magmatic fluid began to exsolve from these 
magmas during ascent, is defined by the narrow bands in Figures 6.4 and 6.10. The 
geometry of these bands are forced to mimic high-resolution and coevolving ratios in 
detrital zircons, and implies that magmatic fluids that were parental to high-sulphidation 
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mineralisation at 3.24-3.28 Ma, exsolved between -2.6 km and 4 km depth. Recharge of 
the lower-crustal chamber at this time diluted the magmatic water contents and ultimately 
permitted shallow emplacement of melts before they were quenched by fluid exsolution 
of a high-pressure but vapor-dominated magmatic fluid. These depths equate to lithostatic 
pressures of 700 and 1080 bars at an average upper crustal rock density of 2.75 glee. 
Sample EA045799, which has the 235U-206Pb zircon age closest to that of high-
sulphidation mineralisation, gave a two-oxide magmatic temperature of 909°C (Chapter 
6) that is consistent with its relatively mafic composition (58.16 wt.% Si02). Magmas that 
erupted/intruded during the middle Pliocene were less evolved and had lower magmatic 
water contents than magmas associated with the preceding porphyry-stage mineralisation. 
Consequently, magmatic fluids exsolved from these more mafic, less hydrous melts at 
shallower levels in the crust (11.16; field 'A') than porphyry-stage magmas. These 
exsolved fluids had a bulk density between -0.15 glee and -0.25 glee (Figure 11.16). 
The vertical ascent distance from the site of exsolution (A) to the site of vapor 
condensation and mixing (B lithostatic = C hydrostatic) could be anywhere between 0.4 
km and 2.1 km given the uncertainty in lithostatic pressure for the site of initial 
exsolution (Figure 11.16; dark grey shaded area; 700-1080 bars lithostatic; 2.6-4.0 km 
depth) and the hydrostatic pressure range for the site of mixing (Figure 11.16; Box C; 
-180-214 bars hydrostatic; 1.9-2.2 km depth). 
The bulk salinity of fluids that exsolve from silicate melts is dependant on several 
factors including the Cl content of the melt and the fluid pressure at exsolution 
(Shinohara 1994). The average bulk salinity of exsolved fluids from silicate melts is 
typically 2-10 wt.% NaCl (Hedenquist 1995, Hedenquist et al. 1998; Shinohara 1994). 
Measurements of chlorine contents from volcanic eruptions that sample the bulk volatile 
phase of deeply exsolving magmatic bodies (e.g. Mt Pinatubo, -5.7 wt.% Cl in the pre-
emption aqueous fluid; Gerlach et al. 1996, Hedenquist et al. 1998) confirm that 
salinities of several weight percent are typical for bulk magmatic fluids. The P-T-salinity 
topology of H20-NaCl systems at several wt.% NaCl (Sourirajan and Kennedy, 1962) 
indicate that magmatic fluids may exsolve as two-phase mixtures comprising low salinity 
vapor and dense, high salinity brine at pressures <1 kbar and at bulk salinities >3-4 wt.% 
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NaCl. The region of fluid exsolution (A) for high-sulphidation-stage melts at Tampakan 
(Figure 11.16) lies within the two-phase field for a 5 wt.% NaCl solution. The certain 
presence of S02 and C02 would expand this field of immiscibility to higher pressures. 
Data for phase equilibria in the H20-NaCl system from Anderko and Pitzer (1993), 
Tanger and Pitzer (1989) and Bischoff and Pitzer (1989) are used to calculate the wt.% 
NaCl in co-existing brine and vapor and the mass fraction of gas and brine for the 
conditions at: 1) the site of release from the chamber carapace ( ~800 bars and 900°C); 2) 
the site of decompression on the lithostatic-side of the brittle-ductile transition (~550 bars 
and 500°C); and 3) the site of decompression on the hydrostatic-side of the brittle-ductile 
transition (~200 bars and 375°C); by using the equation: 
5 wt.% NaCl= Mv•Sv + (1-Mv)Sa 
where Mv is the mass fraction of vapor, 1-Mv is the mass fraction of brine, Svis the wt.% 
NaCl in vapor, Sa is the wt.% NaCl in the brine and 5 wt.% NaCl is the bulk salinity of 
the two-phase mixture. The results are listed in Table 11.1 below. 
Table 11.1 Phase proportions of liquid and vapor in a two-phase magmatic fluid with a bulk 
salinity of 5 wt.% NaCl, and salinity of the liquid and vapor phases. 
! NaCl in NaCl in Pressure I Temperature Brine Vapor (bars) ! (Celcius) ! (Wt.%) (Wt.%) 
Site of 
Fluid 800 (lith) 900 80.8 l 4.40 l 
Expulsion 
' Beneath i 26.3 2 4.20 2 550 (lith) ; 500 
Lithostatic- l ~ 
Hydrostatic i 
Transition 550 (lith) I 500 24.2 3 4.38 3 i 
Above 200 I ~ 375.5 14.0 2 ; 0.028 2 <hvdro) ! Lithostatic- ; ! 
Hydrostatic 200 l ; ! 375 13.0 3 1 0.036 3 Transition (hydro) l ! 
1 Calculated from values in Table 3 of Anderko and Pitzer (1993). 
2 Calculated from values in Table 1 of Bischoff and Pitzer (1989). 
3 Values interpolated from Table 1 ofTanger and Pitzer (1989). 
Mass Mass % of Total %ofTotal 
Fraction Fraction Cl in Cl in 
Brine Vapor Brine Vapor 
0.008 0.992 12.9 87.1 
0.036 0.964 19.0 81.0 
0.031 0.969 15.0 85.0 
0.356 0.644 99.6 0.4 
0.383 0.617 99.6 0.4 
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The two-phase magmatic fluid that exsolved and accumulated in the apical portions of a 
stock at 800 bars of lithostatic pressure and 900°C comprises 99 .2% of low salinity vapor 
(4.4 wt.% NaCl) and 0.8 % of hydrous molten halite (80.8 wt.% NaCl). If this two-phase 
fluid ascended to 550 bars of lithostatic pressure and cooled by conduction to ~500°C, 
then ~2-3% of the vapor would condense during ascent, with the two-phase mixture 
comprising ~96-97% vapor with a salinity of ~4.3 wt.% NaCl and ~3% brine with a 
salinity of ~24-26 wt.% NaCl. Only a tiny fraction (2-3%) of the vapor condenses during 
ascent through the lithostatic rock column from 800 to 550 bars and 900 to 500°C. When 
this vapor-dominated two-phase mixture decompresses at the brittle-ductile transition, the 
vapor-component of the two-phase mixture decreases rapidly while the brine-component 
increases simultaneously over a narrow temperature and pressure interval. The data in 
Table 11.1 indicates that if the two-phase mixture decompresses from lithostatic pressure 
(550 bars and 500°C) to hydrostatic pressure (200 bars and 375°C) at about the same 
depth, approximately a third of the vapor will immediately condense to produce a brine of 
~13-14 wt.% NaCl. This brine phase comprises ~36-38 wt.% of the two-phase mixture at 
the base of the hydrostatic zone. Approximately 62-64 wt.% of the two-phase mixture 
remains as a high-enthalpy vapor immediately after decompression, allowing significant 
heat transfer to the meteoric water as it condenses. With only a small amount of further 
cooling (380 to 370°C) at the same hydrostatic pressure, the remainder of the vapor (~62-
64 wt.% of the two-phase mixture) completely condenses to a weakly saline brine of 5 
wt.% NaCl (Bischoff and Pitzer, 1989; Table 1). Thus complete condensation of the two-
phase mixture, above the brittle-ductile transition, occurs over a limited vertical interval. 
The fluid inclusion data (Figure 10.3) indicates that the bulk salinity of the condensing 
magmatic fluid in the Tampakan high-sulphidation system was ~4-5 wt.% NaCl, which is 
close to the NaCl-carrying-capacity (4.20 to 4.38 wt.%) of vapor at ~550 bars of 
lithostatic pressure, just under the brittle-ductile transition at the base of the deposit. This 
implies that the ~2-3 wt.% brine that condensed during ascent from 800 to 550 bars 
lithostatic pressure does not need to be entrained to satisfy the bulk salinity of the 
condensed magmatic vapor at the site of mixing. This also applies to the dense brine that 
exsolved with the vapor from the magma at 800 bars lithostatic pressure. 
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11.6 IMPLICATIONS FOR ASCENT MECHANISMS 
The ascent path for an exsolved two-phase magmatic fluid with a bulk salinity of ~5 
wt.% NaCl during high-sulphidation mineralisation at Tampakan (A~B; Figure 11.16) is 
close to isochoric; i.e., as the fluid ascends its bulk density remains nearly constant. This 
is in direct contrast to the ascent path in freely degassing fumarole environments, where 
ascent to the surface is broadly isoenthalpic (e.g. Vulcano Island, Italy - Nuccio et al. 
1999) and where the gas undergoes rapid expansion and density decrease. 
To further illustrate the isoenthalpic decompression path, magmatic gases at the Merapi 
volcano on Java, Indonesia, presently vent at ~800°C from surface fumaroles. The gases 
are derived from the upper portions of a magma chamber that lies approximately 2 km 
below the summit fumaroles (Kavalieris, 1994). The degassing magma has a temperature 
of 915°C (Symonds et al. 1987). The high-temperature vapors ascend 2 km but cool by 
only 115°C, so they ascend along an isoenthalpic or adiabatic path M1 ~ M2 (Figure 
11.16). The nearly isothermal ascent of vapor at Merapi volcano is attributed to transport 
along large fissures and/or along a central volcanic conduit that formed by repeated 
withdrawal of magma, where high ratios of vapor to wallrock along the ascent path 
minimize conductive cooling of the gas. The ascent path is non-isochoric because 
volumetric expansion of the gas along an "open-conduit" flow-path allows the vapor 
density to fall from ~O. l glee at the site of exsolution to << 0.0001 glee at the surface. 
The "isochoric" decompression of magmatic vapor ( + brine) at Tampakan is in contrast to 
the "isoenthalpic" decompression trend at Merapi and other freely degassing volcanic 
systems. 
11.6.1 Ascent Mechanism 
A model that is favored for ascent of magmatic vapor beneath the mixing zone at 
Tampakan, and which is required to maintain quasi-isochoric behavior, is similar to that 
proposed by Secor and Pollard (1975) for stability of open hydraulic fractures in the 
earth's crust, and modified by Nakashima (1993) for buoyancy-driven propagation of a 
fluid-filled crack. The Secor and Pollard (1975) model allowed isolated fluid-filled cracks 
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in the crust to self-propagate upward at nearly constant volume once they attain a critical 
length. The buoyancy of the fluid within the crack is a function of the crack height and 
the density contrast with the surrounding medium. The principle which governs migration 
of an isolated, fluid-(vapor)-filled fracture within a lithostatic-pressured medium is that 
the confining lithostatic pressure oriented perpendicular to the fracture is greater at the 
base than it is at the top of the fracture because of the lithostatic pressure gradient over 
the length of the fracture. The hydraulic conductivity in an open fluid reservoir is close 
to infinite, so the downward fluid pressure gradient inside the fissure is determined solely 
by density of the fluid (Bons 2001 ). The hydrostatic pressure gradient in a fracture with a 
fluid density of 1 glee is 1 x 104 Palm. The lithostatic pressure gradient in the surrounding 
rocks, where p = 2.75 glee, is 2.70x104 Palm. Consequently at the top of the fracture the 
internal fluid is over-pressured by L x 1. 7 x 104 Pa (L = vertical extent of fracture of any 
orientation) relative to the confining lithostatic rock pressure at the crack tip. At the base 
of the fracture the fluid is under-pressured relative to the rock by the same amount. The 
internal fluid and external lithostatic pressures are balanced at the horizontal mid-line of 
the fracture (Figure 11.17). A stable, stationary fluid-filled fracture may grow by fluid 
injection until it attains a critical length beyond which the over-pressure at the top of the 
fracture exceeds the tensile strength of the rock and causes the fracture to self-propagate 
upwards. The under-pressure at the base of the crack allows the wallrocks to 
simultaneously pinch shut behind the crack as it propagates upward at approximately 
constant length. The fluid-filled crack migrates upward while the volume of the fluid 
remains roughly constant if contraction of the fluid due to cooling is balanced by 
expansion due to decompression along the lithostatic pressure gradient (Figure 11.17). 
The tensile strength of rock at the upper tip and the rock viscosity at the lower tip 
constrain the rate of crack propagation to one that adjusts the fluid's volume and 
temperature and hence pressure to just balance the rock's strength. Too much cooling 
drops the pressure and halts propagation. Likewise, too much expansion drops the 
pressure within the fracture and halts propagation. Equation (13) from Secor and Pollard 
(1975) allows the maximum fracture length to be calculated for a stable, isolated fluid-
filled fracture before self-propagation occurs. Equation (13) simplifies to equation (14) 
(Bons 2000). LM is the minimum fracture vertical length at which it starts to migrate, Kc 
is the "fracture toughness" (Paris and Sih, 1965) and S is the effective normal stress 
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gradient oriented at 45° to the vertical and horizontal stress directions (S = op/oz where 
'z' is the elevation head; Bons 2001). Tensile strengths (Kc) for intact crystalline rocks 
are typically 1-3 MPa · m112 (Secor and Pollard, 1975; granite and gneiss) and are less for 
hot, altered or foliated rocks. The effective normal stress (S) is typically ~0.015 MPa/m 
(150 bars/km) for liquid filled fractures (Bons 2000), but will be greater for fluids with 
densities around 0.2 glee. 
(
K ) 213 
LM =l.36• Sc 
Pressure 
-L 
0 
L 
Under Pressure 
(13) 
(14) 
Dilation of closed fracture 
due to over-pressure 
at crack tip. 
Constriction of open fracture 
due to under-pressure 
at crack tip. 
Figure 11.17 Over-pressure and under-pressure at the top and bottom of a vertical fluid-filled 
crack as a result of a lower hydrostatic pressure gradient within the fracture compared to the 
higher lithostatic pressure gradient outside the fracture. Modified from Bons (2000). 
For dense fluid and strong rock with Kc= 1 and S = 0.015, LM is 22.4 meters. For weak 
rock and hot fluids with fracture toughness (Kc) of 0.1 and S = 0.03, LM is 3.0 meters. 
In deep metamorphic environments the largest possible stable crack filled with H20 is 
between 8.4-39 meters long and has an average crack width of just 0.0046-0.1 mm! 
(Nakashima 1993). Ramsay (1980) and Cox and Etheridge (1983) report that the typical 
thickness of each "veinlet" within crack-seal veins (=stable non-propagating fracture) is 
0.01-0.04 mm. Based on these data, fluid-filled fractures that exceed tens of meters in 
length and 0.1 mm in width are inherently unstable and will migrate upward. Nakashima 
471 
Chapter 11 District-scale Palaeohydrology 
Integrated Spectral Mapping and Stable Isotope Studies 
(1993) calculated propagation velocities of between 35 meters/day to 28 km/day, 
indicating that substantial volumes of metamorphic (and magmatic) fluid may be 
transported vertically through an otherwise "impermeable" lithostatically-pressured crust. 
These ascent rates may permit entrainment of small volumes of brine in gas-dominant 
flow. 
The flow-path for magmatic vapor between the magmatic exsolution site and the 
condensation site at the base of the hydrostatic regime must have been through rocks with 
temperatures mostly above 400°C in the ductile regime (e.g. Fournier 1999). Magmatic 
fluid transport from beneath the ductile carapace may occur as frequent pulses that expel 
dense brine and co-existing vapor into the overlying hot ( ~600°C) carapace by 
propagation of mobile hydrofractures a few metres long, which may form an interlinked 
but closed network of fractures that extend from near the site of expulsion to the mixing 
zone. During prolonged or persistent episodes of two-phase fluid expulsion and vapor 
ascent, short segments of a transient fracture network will only dilate during the passage 
of an ascending film of vapor, after which they pinch shut. Ductile deformation and 
mineral precipitation must rapidly seal the fracture pathways until subsequent episodes of 
fluid expulsion, hydrofracturing, and other high strain rate events allow the ductile regime 
to temporarily behave in a brittle manner (Fournier 1999). Consequently lithostatic 
pressures may be maintained despite a semi-continuous, although pulsed, flux of 
magmatic fluid through the lithostatic rock column. 
Although expulsion of single- or two-phase fluids from the melt may be pulsed, as 
evidenced by comb-quartz and brain-rock textures in the carapace of solidifying stocks 
(Kirkham and Sinclair, 1985), the steady degassing behavior of summit fumaroles in 
volcanic centers suggest that the periodicity of vapor expulsion (or leakage) through the 
carapace may be frequent, due to low tensile strength of hot rock. The net effect at the 
lithostatic-hydrostatic boundary or mixing zone, at a height of 0.4-2.1 km above the 
degassing chamber, is a semi-continuous flux of magmatic vapor ± condensed brine. 
Periodic episodes in which larger volumes of vapor are more energetically transported 
across the lithostatic-hydrostatic interface is suggested by several small diatreme-like 
breccia pipes, 50 to 150 meters in diameter, that are rooted near the base of the high-
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sulphidation deposit (Figure 4.8 and 4.9). A rapid transfer of fluid across the brittle-
ductile boundary, which results in fluid depressurization, vaporization and attendant rock 
brecciation, can temporarily enhance fluid-flow across the brittle-ductile transition zone 
as brittle fractures propagate down into the underlying ductile regime due to sudden 
increases in strain rate (Fournier 1999). The sparse high-salinity fluid inclusions in high-
sulphidation-stage quartz (Figure 10.3) probably represent residual liquids from such 
transient episodes of flash boiling. Alternatively, the upward-flaring breccia pipes may 
have been instigated by penetration of dykes into the hydrostatic regime. 
11. 7 IMPLICATIONS FOR METAL TRANSPORT AND DEPOSITION 
Approximately 87% of the total chlorine that would exsolve from a magma at 800 bars 
and 900°C would partition into the vapor-phase, because it is the most abundant phase 
(99.2% of the H20; Table 11.1). Segregation of a ~2-3 wt.% liquid condensate from the 
ascending vapor, by wetting of the walls along the flow conduits, would not significantly 
deplete the chlorine content of the remaining uncondensed vapor that arrives at the 
lithostatic-hydrostatic boundary, as the vapor phase would retain ~81-85% of the original 
chlorine released from the melt (Table 11.1 ). i.e. The chloride content of the vapor-phase 
does not decrease significantly between 800 bars and 550 bars, and the vapor-phase 
accounts for most of the chlorine at 800 bars and 900°C and at 550 bars and 500°C. If Cu 
is transported as a volatile chloride species, then entrainment of the small fraction of 
progressively condensing liquid during ascent in the high-pressure, vapor-dominated 
system is not necessary in order to transport most of the copper to shallow levels. 
However, it is not clear whether a high-density vapor, with a chloride content of ~4.2 to 
4.4 wt.% NaCl, would be an efficient ore-forming fluid if copper transport occurs only by 
chloride species. 
Coexisting NaCl-rich brine and NaCl-poor vapor inclusions from boiling magmatic 
fluids in the Grasberg (Heinrich et al. 1999) and Bajo de Alumbrera (Ulrich et al. 2001) 
porphyry systems indicate that Cu partitions from a highly saline brine to a significantly 
less saline vapor with greater efficiency than the other principal chloride-complexing 
elements such as Pb and Zn. This implies that an alternate molecular species, other than 
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or in addition to a simple chloride species, may be responsible for Cu volatility in the 
vapor phase. The suite of elements that are enriched in high-sulphidation deposits, and 
that form volatile sulphur complexes (e.g. As, Hg), suggest that in many magmatic-
hydrothermal systems the Cu-complexing species may switch from a chloride complex to 
a sulphur-complex at lower pressures and temperatures. 
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Figure 11.18 (A) Silica solubility in water plotted as a function of temperature and pressure 
(from Kennedy 1950). The instantaneous decompression from lithostatic to hydrostatic pressure 
(B~C) is associated with precipitation of nearly all silica dissolved in solution. (B) Subsequent 
mixing between silica-saturated groundwaters and silica-saturated hybrid fluids at 350°C results 
in hybrid fluids which are in all cases silica-supersaturated, and which precipitate chalcedonic or 
fine-grained amorphous silica at all intermediate temperatures (modified from Gunnarsson and 
Arnosson, 2000). 
As the supercritical vapor-filled fractures breach the hydrostatic zone, a rapid pressure 
drop is propagated downward. The essentially instantaneous pressure and temperature 
drop as the magmatic fluid leaves the lithostatic regime and enters the hydrostatic regime 
can trigger significant sulphide and silica deposition. Figure 1 l .18A illustrates the effect 
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on the solubility of silica of a sudden decompression from lithostatic to hydrostatic 
pressures at -1.9-2.2 km depth (B~C; Figure 11.16). The silica solubility plummets from 
-1000 ppm Si02 to low ppm levels (Figure 1 l.19A). Subsequent cooling of hybrid fluids, 
which are produced by dilution with meteoric water (D*/D**~E; Figure 11.16), will 
facilitate continued precipitation of sulphide mineralisation and silica. Figure l 1.18B 
illustrates that mixing between cool, silica-saturated groundwater and hot, silica-saturated 
hybrid fluids at 350°C will result in all hybrid fluid mixtures lying in the field of silica-
supersaturation where fine-grained amorphous silica precipitates. 
Thermodynamic modeling calculations by Bruton and Helgeson (1983; Figure 12) 
showed that decompression from lithostatic to hydrostatic load at 375°C results in 
precipitation of -80-90% of the dissolved Cu in a fluid saturated with chalcopyrite + 
pyrite + magnetite. Comparable efficiencies must apply to other Cu sulphide minerals, 
and the efficiency will be greater if the cooling during decompression is also considered. 
11.8 CONCLUSIONS 
The key points that emerge from the palaeohydrological study of the district and of the 
region below the high-sulphidation deposit are: 
• Magmatic volatiles that formed the Tampakan high-sulphidation epithermal 
mineralisation were derived from relatively mafic andesitic melts that were emplaced 
at shallow depths (2.6-4 km) and which exsolved a vapor-dominated two-phase 
mixture with bulk density of -0.20 glee. 
• The andesitic melts associated with high-sulphidation mineralisation had 
significantly less magmatic water (-3.5 wt.% H20) than the more evolved andesitic 
melts associated with precursor porphyry Cu mineralisation. The latter had higher 
magmatic water contents and exsolved a denser supercritical brine (0.40~0.45 glee) 
at greater depths (-7 km). 
• During high-sulphidation mineralisation, the vapor-component of the exsolved two-
phase magmatic fluid rose at nearly constant density along a quasi-isochoric ascent 
path through the lithostatically-pressured crust. A small fraction of brine (-2-3 wt.%) 
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Figure 11.19 Two-tiered magmatic-hydrothermal plume model for the Tampakan high-
sulphidation system. The letters A, B, C, D* and E correspond to points in Figure 11.16. 
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condensed from the vapor-component during ascent through the lithostatically-
pressured rock column. Over the ascent distance of -0.4 km to 2.1 km, the vapor± 
condensed brine cooled conductively by -375-400°C to -500-525°C. The lack of 
expansion of the vapor during ascent may have sustained the metal carrying capacity 
of the vapor and ensured efficient transfer of metal to the fluid- mixing site within 
the deposit. 
• The high-pressure magmatic vapor probably ascended through the lithostatic rock 
column along mobile hydraulic fractures with lengths of several to tens of meters. 
The mobile hydrofractures propagated upward, carrying discrete aliquots of vapor ± 
condensing brine, and were driven by differential pressure gradients with fluid over-
pressure at the upper fracture tip and under-pressure at the fracture base. The 
lithostatically-pressured rocks were in intimate contact with the vapor ± brine during 
its ascent and resulted in substantial conductive cooling (~850°C ~ -525°C) along 
the ascent path. This behaviour contrasts with open-system degassing of low-
pressure but high-temperature volcanic fumaroles. 
• The palaeo-depth at the base of the high-sulphidation deposit was ~ 1.9 km to 2.2 km, 
and coincided with the brittle-ductile transition. 
• Instantaneous isoenthalpic decompression of the two-phase fluid within the 
hydrofractures, as they propagated across the lithostatic-hydrostatic interface at the 
base of the deposit, was associated with cooling of the supercritical vapor from 
-525°C to -375°C. The decompression across the lithostatic-hydrostatic boundary 
condensed approximately a third of the vapor-component, with the two phase 
mixture comprising -97 wt.% vapor and 3 wt.% liquid immediately beneath the 
brittle-ductile transition and comprising -62 wt.% vapor and 3 8 wt.% liquid 
immediately above the brittle-ductile transition. The remainder of the vapor 
condensed into a weakly saline (~4-5 wt.% NaCl brine) within ~5-10°C of additional 
cooling, during mixing with ambient meteoric water within a palaeo-aquifer near/at 
the base of the hydrostatic regime. Decompression and cooling at the lithostatic-
hydrostatic interface resulted in widespread silica deposition and sulphide 
mineralisation that continued during fluid mixing. 
• Cooling of the magmatic fluid during the lithostatic to hydrostatic decompression 
and during subsequent mixing and ascent was associated with hydrolysis of S02 to 
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H2S04 (Arribas 1995), HS04- and subsequently to sol-, producing a strong vertical 
pH gradient that generated the vertical textural zonation in alteration facies in the 
advanced-argillic lithocap. A gently-dipping zone of silicification in the upper levels 
of the lithocap is broadly coincident with a palaeo-unconformity developed between 
Cycle 3 porphyry-stage magmatism and Cycle 4a high-sulphidation-stage volcanism, 
and may have been associated with greater stratigraphic permeability. 
• Sericite within the deep portions of the high-sulphidation deposit was precipitated 
from magmatic-meteoric hybrid waters that comprised -50% magmatic condensate 
whereas pyrophyllite from higher and peripheral regions precipitated from -75% 
magmatic condensate. In this case, pyrophyllite may have developed during prograde 
strengthening of the fluid plume at shallower levels. 
• The hot, hybrid magmatic-meteoric waters at the base of the mixing zone formed a 
thermally buoyant plume (Figure 11.19) due to transfer of heat from the high-
enthalpy magmatic vapor to the hydrostatic regime. The plume ascended and was 
entrained into a westward-flowing aquifer system. A substantial hydraulic head in 
the aquifer at the base of the Cycle 3 stratovolcano is implied by the down-dip 
deflections in the time-integrated fluid-temperature gradients (Chapter 9), consistent 
with meteoric water recharge at higher elevations of the volcano centre. 
• The plume of heated meteoric water and admixed magmatic condensate in the 
hydrostatic environment was centred in the Tampakan deposit (Figure 9.10). Ascent 
of condensing magmatic fluid into the hydrostatic regime also occurred along a 5 x 
1.5 km NNE-trending zone (Figure 11.12) along fault zone that partly control 
mineralisation. The deposit is located where gradients in temperature of the hybrid 
fluid, and in the proportion of magmatic fluid, are greatest. Lateral, radial outflow of 
the hybrid fluids was strongly controlled by faults that transect the volcanic centre. 
• A two-tiered plume model (Figure 11.19) is applicable to the Tampakan high-
sulphidation system. The model comprises a deep lithostatically-pressured plume of 
two-phase magmatic fluids driven by quasi-isochoric hydrofracturing, and a 
shallower hydrostatically-pressured plume of hybrid meteoric and condensed 
magmatic waters, with a dynamic mineralising process occurring in the region of 
steep temperature, pressure and chemical gradients at the interface between the two 
plume levels. 
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CHAPTER12 
DISCUSSION AND CONCLUSIONS 
12.1 INTRODUCTION 
This PhD study has addressed three fundamental questions that relate to magmatic-
related Cu-Au metallogeny at arc and crustal scale and at the local district scale, using the 
young, mineralised, Miocene to Pliocene volcanic-intrusive sequences in the Tampakan 
district, Mindanao, as a case study. These questions and the key results of this study are 
summarised below. 
12.2 Tectonic and Petrogenetic Controls On Metallogenic Fertility 
A fundamental aspect of the metallogeny of convergent margin settings is the distinctly 
clustered distribution of ore-productive intrusive suites, which collectively define discrete 
and highly endowed mineral belts within some arc segments. The onset and duration of 
metallogenic fertility within ore-productive belts is typically focussed into narrow time-
intervals of ~3-10 Myr duration, when intrusive magmatic and volcanic complexes 
produced widespread porphyry Cu and/or high-sulphidation epithermal Cu-Au 
mineralisation, e.g. the Andean cordillera (4-12 Ma, 20-24 Ma, 33-41 Ma, 55-60 Ma; 
Titley and Beane, 1981 ); the southwest continental US (39-40 Ma, 52-59 Ma, 62-67 Ma; 
Titley and Beane, 1981); the Philippines (1-5 Ma); Papua New Guinea (1-6 Ma) and the 
New Ireland/Solomon Islands/Fiji (0-4 Ma). The durations of these metallogenically 
productive episodes are comparable with the typical durations of compressive episodes 
within the lithosphere. Episodes of deformation in orogenic chains are relatively brief, 
mostly < 10 Myr (Pfiffner and Ramsay, 1982). Mineralised portions of magmatic arcs 
typically experience complex and rapidly evolving tectonic and structural events that 
involve terrane collision, crustal compression, deformation and uplift that are 
synchronous with mineralisation. Some examples include: 1) Grasberg, OK-Tedi, 
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Porgera_and Yanderra (in New Guinea) during syn- to late collisional folding and 
thrusting within the New Guinea main range; 2) Lihir, New Ireland where ore formation 
accompanied compression during subduction reversal induced by collision of the Ontong 
Java Plateau against the Manus-Kilinailau Trench (Mcinnes and Cameron, 1994); 3) 
Emperor, Fiji where ore formation occurred during compressive subduction reversal 
induced by collision of the Melanesian Border Plateau with the Outer Melanesian Arc 
(Begg 1996); 4) the Mankayan district, (Lepanto, Far South East and Guinaoang) and 
the Bagio district (Acupan, Antamok, Santo Thomas, Black Mountain Mines) where 
compression in northern Luzon was associated with compressive subduction of the 
Scarborough Ridge seamount chain in the South China Sea; 5) El Teniente, Rio Blanco-
Los Bronces, Los Pelambres porphyry copper deposits developed at the leading edge of 
the southward-propagating intersection of the Chile Trench with the compressively 
subducting segment of the Nazca Plate where the Juan Fernandez Ridge seamount chain 
subducts at a shallow angle (Pilger, 1981, 1984; Cahill and !sacks, 1992; Jordan et al. 
1983); 6) Late Miocene of Northern Peru where shallow subduction of the Inca Plateau 
(Gutscher et al. 1999) occurred beneath the fore-arc at 12 Ma to 5 Ma, with crustal 
compression beneath the Y anacocha, Aguila, Hualgayoc and La Granja districts during 
this period; 7) Toquepala, Cuajone, Quellaveco where a volcanic gap and extensive 
Incaic 1 or Caldera erosional surface developed in southern Peru during the lower 
Palaeocene to middle Eocene due to compression accompanying shoaling of the slab 
(Petersen 1999); 8) Choquelimpie, Kori-Ko/lo (Chile); Miocene to Pliocene compression 
within the Arica Bend in the Peru-Chile trench, where obliquity of subduction is of 
opposing sense on opposite limbs of the bend, and transpression converges in the bend to 
produce Altiplano uplift (Dewey and Lamb, 1992). 
A common element of all maJor porphyry-copper-forming arc segments is the 
compressional tectonic setting that develops, either as transient episodes due to attempted 
subduction of buoyant features on the down-going plate (Nur and Ben-Avraham, 1982; 
Cloos 1993), or during terminal collision events that are associated with terrane accretion, 
thrusting, deformation, uplift, imbrication and stepping back of shallow-dipping and 
jammed subduction systems at continental margins, and subduction polarity reversal in 
oceanic arc settings. The Tampakan district in Mindanao displays the same association 
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with compressional tectonics that is observed in other mineralised arc segments. The key 
process ingredients identified in this study that generated the ore-forming capability of 
magmas in the Tampakan district, after a ~ 15 Myr period of infertile magmatism along 
the Sangihe arc, are listed below in the context of the interdependence of magma 
chemistry and crustal stress. 
1 Before the late Miocene collision in the northern Sangihe arc, relatively primitive, 
clinopyroxene ± olivine-dominated, H20 poor, basaltic andesites and basalts 
erupted along the Sangihe arc. These volcanic sequences lack hydrous phenocryst 
phases such as hornblende and biotite. Mantle-derived arc magmas had relatively 
unimpeded access to the upper crust, and differentiated relatively little before 
eruption. 
2 Crustal compression in the Tampakan district commenced in the Late Miocene 
(~6 Ma) during transpressional docking of northern and southern Mindanao along 
the Cotabato Fault Zone, and was compounded by synchronous accretion of 
northern fragments of the Halmahera arc against the southeast margin of Mindanao 
during fmal closure of the Molucca sea in the early to middle Pliocene (Lallemand 
et al. 1998). Crustal compression peaked in the middle Pliocene when subduction 
slowed and then stopped at the outward dipping northern Sangihe and Halmahera 
trenches, and plate conversion was partitioned into intraplate deformation and 
development of new subduction thrusts. Distributed compression is presently 
waning as the nascent, NE-inwardly-dipping Cotabato and west-dipping Philippine 
subduction systems become established. Porphyry Cu formation at Tampakan 
formed during maximum crustal compression. Regional crustal-scale thrust faults 
and ramp-anticlines in the district are broadly synchronous with porphyry copper 
mineralisation. The collision belt is presently migrating south towards Sulawesi. 
The duration of crustal compression, deformation and uplift within southeast 
Mindanao is ~6 Myr. 
3 During early collision in the Tampakan district, ascending magmas that were 
derived from the wedge above the subsiding Molucca slab encountered increasing 
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intensities of compressive stress within the crust beneath the collision zone. 
Magmas became entrapped at progressively deeper levels in the lower-crust through 
the Pliocene and Pleistocene periods beneath the Tampakan district. Pressure-depth 
estimates using Al-in-hornblende geobarometry record crystal fractionation at 5-6 
kbars pressure and at mean depths of 20 ± 2.2 km depth within the lower crust of 
southeast Mindanao. 
4 Detailed 238U-206Pb, 40Ar/39 Ar, K/Ar and 87Sr/86Sr geochronological studies reveal 
that the Tampakan district comprises a series of overlapping stratovolcanic centres 
that developed in succession from the Late Miocene (at the onset of collision) to the 
present (during the waning stages of collision). Stratocone-building eruptive cycles 
are separated by erosional unconformities. 
5 Petrological and petrochemical trends reveal that magmatism in successive volcano-
magmatic cycles became increasingly siliceous and hydrous over a time frame of 6-7 
Myr. Hornblende and biotite become modally more important over time and appear 
at more mafic stages of the crystallisation sequence in successive magmatic cycles. 
6 U/Ti and Ta/Ge ratios in detrital zircon grains from the district track the progress of 
magmatic differentiation and cooling of magmas during the ~6 Myr collision event, 
and provide a high-resolution record of magma-chamber-replenishment and 
crystallisation cycles in the long-lived magmatic evolution series. The cyclic ramp-up 
of those element ratios coincides with a 7 Myr-long "sawtooth" cyclic ramp-up in 
concentrations of volatiles and incompatible trace-elements relative to whole-rock 
Si02 in erupted andesites and dacites. Dissolved water contents climbed from 4.1 
wt.% to 8.2.wt % as Si02 evolved from 57 to 67 wt.%. The deep magmatic reservoir 
was periodically tapped to form overlying sub-volcanic chambers and four 
overprinting stratovolcanoes within the Miocene to Recent Tampakan polygenetic 
volcanic complex. Multi-million-year episodes of chamber recharge are resolved by 
the age-constrained detrital zircon U/Ti and Ce4+/Ce3+ and Ta/Ge time series, and are 
corroborated by petrochemical trends of whole-rock Th and Ti02 that reveal 
matching, multi-million-year scale cycles of recharge and mixing. 
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7 Many porphyry copper deposits form within discrete districts that are the focus of 
multiple episodes of long-lived, over-printing magmatism. In these districts, erosion 
that is required to expose porphyry Cu systems at the surface removes the overlying 
volcanic record. However, in porphyry Cu districts, where the volcanic cover 
sequence is partially preserved, such as at Tampakan, a long history of prior 
magmatism is often identified, with complex polygenetic and over-printing volcanic 
centres. In addition to the Tampakan district, some notable examples of long-lived 
and fertile centres include the Potrerillos district (Cobre, Norte and El Hueso 
deposits; Marsh et al. 1997) and the Nevados de Payachata region (Choquelimpie 
high-sulphidation deposit; Womer et al. 1988). Within deeply exposed districts, 
magmatic intrusive complexes also record a similar spatial focus of long-lived 
magmatism (e.g., the Fortuna and El Abra complexes associated with the 
Chuquicamata and El Abra deposits, J.Ballard, 2001 , thesis). 
8 Whole-rock petrochemical data record increasing hornblende fractionation (Y and 
HREE depletion from residual melt) and decreasing plagioclase fractionation (rising 
Sr, and Eu/Eu* in residual melts) over time as the series evolved to increasingly 
hydrous compositions at 5-6 kbars in the lower-crust. Climbing magmatic water 
contents (up to 8.2 wt.% dissolved H20) and high crystallisation pressures re-ordered 
the pyroxene-and-plagioclase-dominated crystallisation sequence that is typically 
observed in "normal pre-collision-type" arc magmas. The hornblende stability field 
expanded to hotter and more mafic stages of differentiation and usurped much of the 
range of pyroxenes, while the plagioclase stability field shrank to more evolved and 
cooler stages of differentiation. Plagioclase-free homblende-clinopyroxene-magnetite 
cumulates are likely to have persisted into the latter stages of each differentiation 
cycle. Adakite-like signatures, defined by high SrN ratios in the Tampakan district 
and in ore-forming districts, are produced by high-pressure, hydrous crystal 
fractionation involving early hornblende saturation, and delayed plagioclase 
saturation that is caused by high activities of dissolved H20 in the melt. High SrN 
ratios indicate a significant multi-cycle accumulation of dissolved water in melts that 
are parental to porphyry Cu ores. Deep onset of fluid exsolution of a dense, and 
consequently increased brine/melt partition coefficients for Cu and other chloride-
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complexed elements are optimised by high magmatic water contents. In most cases, 
high Sr/Y ratios (> 40) are not the result of melting of foundered and conductively 
heated slabs in the mantle. Experimental partial melts of eclogite at 20-30 kbars have 
high Zr and Th contents as well as high Sr/Y (Rapp et al. 1999) whereas Copper ore-
forming magmas have unusually low Zr and Th, as well as high Sr/Y (Loucks pers. 
comm.). 
9 Modelling of crustal stress in the southeast Mindanao collision zone reveals that 
entrapment of magmas by compressive stress within the crust is easily achieved at 
typical strain rates of modest collision zones. This is consistent with the development 
of volcanic gaps in several other volcanic arc segments, including the present paucity 
of volcanism in the Sangihe arc in the northeast comer of the Celebes Sea at latitudes 
4°N to 6°N. Numerical thermal modelling of the syn-collisional Tampakan magmatic 
system, supported by compilation of arc-geotherm data from P-T studies of crust- and 
mantle-derived xenolith suites elsewhere, reveal that the longevity of a 1-4 km thick 
and 15-30 km wide, pancake-shaped conductively cooling sill in the lower-crust is 
sufficiently long that residual hydrous melts which are entrapped by the compressive 
stress regime can remain above the wet solidus for at least several million years, and 
in some cases for the duration of compressional events in the overlying crust. This 
chamber longevity allows its repeated replenishment from the mantle over unusually 
long periods and can sustain multiple upper-crustal volcanic cycles. Crystal-
incompatible chemical components of the melt, such as H20, S03 and Cl can build up 
to exceptional concentrations in the melt over the course of multiple cycles of 
recharge, mixing, and partial crystallisation. 
10 The Tampakan magmatic series comprises highly oxidised melts (log/02 = NNO+ 1.5 
to NNO + 2.5) in which the sulphate (S03) to sulphide (H2S) ratio of the melts ranges 
between ~200:1 to ~6,000:1. Low total sulphur concentrations (IS = L:S03) that 
decline with decreasing magma temperature in the later stages of the magmatic cycles 
reveal that the melts had saturated with magmatic anhydrite. The temperature 
estimates for the series range from 909°C to 765°C. Long-term cooling trends 
punctuated by distinct heating events associated with recharge of the Tampakan melts 
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over the past 6 Myr is recorded in the Ce4+/Ce3+ systematics of detrital zircon grains 
over a narrow range of buffered /02. 
11 Magmatic water contents of successive magmatic cycles in the lower-crustal chamber 
climbed due to concentration by fractional crystallisation and inheritance from prior 
magmatic cycles. Hydrothermal fluids began to exsolve at progressively deeper 
levels as increasingly hydrous melts ascended through the crust when their buoyancy 
overcame the restraining stresses. Porphyry mineralisation at Tampakan formed at 
the end of Cycle 3 (4.25 ± 0.01 Ma), when the melts from that cycle had acquired 
their highest magmatic water (~6 wt.%) and, by analogy, chlorine and sulphate 
contents. The even wetter melts of Cycle 4b (7-8 wt.% H20) would have commenced 
exsolving a hydrothermal fluid phase at depths of >12 km (Burnham 1979). Their 
geochemistry implies that they are the most metallogenically fertile suite within the 
district, and extend the trend of increasing fertility with time. 
12 During and after porphyry Cu-Au mineralisation, volcanism waned between 4.20 Ma 
and 3.93 Ma. Thrust faulting within the Tampakan district and in southeast 
Mindanao was widespread. The Cycle 3 volcanic centre, and its late-formed 
porphyry Cu deposit were uplifted on the back of a district-scale ramp anticline that 
developed on a collision-stage thrust fault that was seated along the east margin of 
the district. The Cycle 3 stratovolcano underwent rapid, and perhaps catastrophic, 
denudation between 4.25 Ma and 3.93 Ma. Two to three kilometres of overburden 
was removed, unroofing the Tampakan porphyry system and exposing lithostatically-
pressured porphyry-stage veins at the palaeosurface. 
13 The Tampakan high-sulphidation epithermal mineralisation formed between 3.39 Ma 
and 3 .20 Ma, during the latter part of Cycle 4a stratocone construction, at a palaeo-
depth of ~2 km. Parental melts were less evolved and had lower water contents than 
those that formed the preceding porphyry Cu mineralisation. The lower water 
contents allowed intrusion of high-sulphidation-stage melts to shallow crustal levels 
where more sulphur- and arsenic- and gold-rich fluids exsolved as a vapor-
dominated two-phase fluid that may be typical of this deposit style (Hedenquist and 
490 
Chapter 12 Discussion and Conclusions 
Arribas, 1998). The shallower emplacement depths were afforded by the lower 
magmatic water contents that in turn were the result of dilution of inherited water 
contents by a middle Pliocene basaltic recharge of the lower-crustal parental 
chamber that supplied magma to high-level sub-volcanic chambers. 
14 Cessation of Cycle 4a magmatism at ~2.5 Ma is recorded by a sharp decline in the 
detrital zircon population after this period, despite continued upper-crustal 
emplacement of small volume, highly fractionated and hydrous andesitic to dacitic 
melts during the late Pliocene and Pleistocene (Cycle 4b ). Crustal compression 
began to wane in the Tampakan district during the late Pliocene, as plate 
convergence became increasingly focussed at the nascent Philippine and Cotabato 
subduction zones. Nevertheless, crustal compression, intra-crustal deformation and 
magma entrapment in the lower crust continued through the Pleistocene. 
15 Modulation of crystallisation sequence and residual melt chemistry by tectonic 
stress along the Sangihe arc is clear, because magmatism that occurs farther south 
along the Sangihe arc in stress-neutral, or very weakly compressional settings are 
pyroxene-dominated and less hydrous than syn-collisional magmatism in southern 
Mindanao at the north end of the Sangihe arc. Hornblende advances in the 
crystallisation sequence while plagioclase retreats in the crystallisation sequence as 
compressive stress intensifies within the crust. 
16 The deep magmatic reservoir beneath the Tampakan district has evolved to 
extremely hydrous compositions, despite retaining an intermediate major element 
composition. That is, the rate of accumulation of highly incompatible components 
(including water and chlorine) has outpaced the rate of accumulation of mildly 
incompatible major components (Si02, K20) relative to a normal, single-stage 
fractionation cycle. This is due to inheritance of incompatible components from 
preceding magmatic cycles. Although magmatic H20 contents continued to build 
during the entire collision event, sulphur concentrations in the melt decreased in late-
stage melts, in agreement with lower sulphur solubility in evolved melts, and 
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Figure 12.1 Dimensionally undistorted representation of the long-lived polygenetic Tampakan 
volcanic complex, with multiple short-lived (0.4 - 1.0 Myr) upper-crustal magma chambers, and 
volcanic cycles, each of which sequentially tapped a large and long-lived (7 Myr) lower-crustal 
sill. The deep melt reservoir underwent high-pressure, hornblende-dominated crystal 
fractionation and experienced multiple cycles of replenishment, crystal fractionation and volatile 
accumulation during the late Miocene to Recent period of crustal compression. Tectonic 
compression entrapped the chamber in the lower crust, until magma buoyancy overpowered the 
inhibiting stress or until the horizontal stress relaxed intermittently. Water and chlorine 
concentrations are ramped by inheritance through successive million-year-scale recharge and 
differentiation cycles. Porphyry ore formed from hydous water-rich melts that exsolved a 
magmatic-hydrothermal fluid phase deep in the upper crust, where chlorine was efficiently 
partitioned from the melt to a high-density fluid. High-sulphidation mineralisation formed from 
melts which had lower magmatic water contents and which therefore exsolved a magmatic-
hydrothermal fluid at low pressures where two-phase 'dense' vapor+ liquid exsolution favoured 
volatile transport of the high-sulphidation metal suite (Cu, Au, As, Te, V). Although the 
porphyry and high-sulphidation deposits formed from separate upper crustal hydrothermal 
systems, they are intimately related to the same long-lived lower crustal magmatic reservoir. The 
long-lived deep reservoir was instrumental in imparting fertile characteristics to the Tampakan 
magmatic system. 
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anhydrite-saturation at the high /02 conditions of the magma series. The inheritance of 
volatile components is underpinned by a deep-chamber life-span that exceeds multiple 
volcano-construction-time-scale replenishments from the mantle to the crust. 
In Part 1 of this thesis, I have discussed the key tectonic and petrochemical processes 
relevant to development of magmatic fertility in the Tampakan district of southern 
Mindanao. In doing so, I have shed light on several key questions relating to porphyry Cu 
metallogenesis at the mantle-crust scale and at arc scale. This has been accomplished by a 
multi-scale study which closely integrates the tectonic history of southern Mindanao with 
district geology, geochronology, magmatic petrochemistry, time-dependent magmatic 
physico-chemical states plus thermal and stress properties of the sub-arc crust. The first 
part of this thesis indicates that transient, 3-10 million year episodes of tectonic 
compression within magmatic arcs is the essential ingredient which sets arc-related melts, 
which would otherwise prove infertile, on a differentiation trend to metallogenic fertility. 
Extended storage of melts in the lower crust, with prolonged reservoir residence times, 
allows several-million-year-scale ramping of concentrations of crystal-incompatible 
components such as water, chlorine and sulphur. The multi-cycle ramping of inherited 
magmatic water and chlorine, coupled with the deeper exsolution of magmatic-
hydrothermal fluids from increasingly hydrous melts during ascent, maximises the 
transfer of chloride-complexed-alkalis and chalcophile elements into the exsolved high-
pressure hydrothermal fluid. The ore-forming capability of magmatic systems is thus 
maximised in compressional arc settings where magmas undergo a prolonged, and cyclic, 
high-pressure magmatic differentiation history in the lower crust. 
The clustered, short-lived, and spatially plus temporally restricted episodes of 
metallogenic fertility in magmatic arcs is governed and ultimately modulated by the 
crustal stress state. Chemical parameters that track the varying magmatic water contents 
through the effect of water activity on the relative crystallisation sequence, involving 
primarily hornblende and plagioclase in the case of SrN ratios, provide a powerful tool 
for identification of metallogenically fertile magmatic sequences. 
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12.3 Relationship Between Porphyry and Epithermal Mineralisation at Tampakan 
Work over the past 15 years in porphyry and epithermal systems has revealed a close 
spatial and, in some cases, an enigmatically close temporal association between some 
porphyry deposits and high-sulphidation epithermal Cu-Au deposits. Early recognition of 
these associations led Sillitoe (1983, 1989, 1991) to propose a genetic relationship 
wherein high-sulphidation enargite-bearing epithermal mineralisation represented a 
shallow facies of subvolcanic porphyry-ore-forming magmatic systems, where low-
density magmatic gas condensed at shallow levels. As reviewed in Chapter 1 (pages 8-9), 
there are a number of localities where porphyry Cu ore and high-sulphidation epithermal 
Cu-Au ore occur within the same district and in some cases, within an individual 
telescoped magmatic hydrothermal system. 
A genetic relationship is clearly demonstrated in only a few deposit pairs, the best 
studied being the Lepanto-Far South East deposit pair (Arribas et al. 1995). The genetic 
relationship of these deposit types is supported by Heinrich et al. (1999) and Ulrich et al. 
(2001 ), where there is evidence from the Grasberg and Bajo de Alumbrera porphyry 
deposits that metal-complexing agents other than chloride may control the partitioning of 
metal to a magmatic gas. Their work shows that segregation of sulphur-rich magmatic gas 
from porphyry-stage brines allows transport of S, As, Au and Cu in a vapor phase that is 
implicated in forming high-sulphidation ores at high levels in volcanic edifices. 
There are some deposit pairs, however, where age dating clearly indicates that high-
sulphidation mineralisation and "presently identified" porphyry systems near the surface 
in those districts are unrelated. "Main-stage" massive enargite-chalcocite-bornite-alunite 
high-sulphidation veins at Butte postdate porphyry Cu mineralisation by >5 Myr 
(Brimhall, 197 4 ), and reflects a separate hydrothermal event. In contrast, high-
sulphidation mineralisation at the El Hueso epithermal deposit in the Potrerillos district in 
Chile predates porphyry mineralisation in the Cobre and Norte deposits by ~5 Myr 
(Marsh et al. 1997). 
The Tampakan system provides another case where the relationship between the deposit 
styles can be explored. The identified porphyry ore at Tampakan predates the high-
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sulphidation mineralisation by 1 million years. Potassic biotite alteration has two age 
dates of 4.24 ± 0.02 Ma and 4.26 ± 0.02 Ma, whereas high-sulphidation-stage alunite and 
sericite alteration have three concordant ages of 3.28 ± 0.06 Ma, 3.34 ± 0.05 Mand 3.23 
± 0.03 Ma (1 s.d.). Furthermore, geologic and geochronologic constraints indicate that the 
two hydrothermal systems formed from two separate volcano-building episodes, 
separated by a major erosional unconformity. The porphyry system was exposed at the 
palaesurface within 370 Kyr of its formation, during active compression, thrusting and 
uplift in the district, and was then buried by a new eruptive cycle that built a middle 
Pliocene stratovolcano, whose dissected landform is identifiable in modem topography. 
High-sulphidation mineralisation formed ~600 Kyr after this younger volcanic center 
began to grow, and 1 million years after porphyry ore. The Tampakan porphyry and high-
sulphidation systems formed from unrelated upper-crustal hydrothermal systems; 
however, they are related to the same long-lived and evolving magmatic system that 
developed in the lower crust beneath the Tampakan district. While they have a genetic 
link at the lower-crustal level, their fortuitous superposition near the surface is attributed 
to either a fundamental, shared underlying fault that forms one of a family of stands of the 
Cotabato lithospheric-scale wrench fault - which was a former plate boundary until the 
late Miocene - or alternatively, to focusing of magmas along the hinge of the district-
scale collision-stage anticline in the basement sequence. 
12.4 Palaeohydrology of the Tampakan High-Sulphidation Hydrothermal System 
The palaeohydrology of the Tampakan high-sulphidation hydrothermal system has been 
investigated in three regions, 1) between the site of magmatic fluid accumulation in the 
carapace of a shallow-level magmatic intrusion and the site of decompression at the 
brittle-ductile transition at the base of the deposit; 2) in the region of mixing between 
condensed magmatic vapors and ambient meteoric waters within the deposit and 
downslope; and 3) in the district-scale palaeohydrology of the "outflow'' zone where 
hybrid magmatic-meteoric geothermal waters flowed down the volcanic flank along faults 
that transect the volcanic edifice. The conclusions were summarised on pages 474-477, 
however the main points are briefly covered here: 
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1. High-sulphidation-stage magmatic fluids appear to have exsolved from relatively 
water-poor melts (-3.5 to 4.0 wt.% H20) that were emplaced at shallow levels 
(2.6 to 4 km) below the surface. Pressure-enthalpy relations in the system H20-
NaCl (5 wt.% NaCl equivalent) indicate that the high-sulphidation-stage 
magmatic fluid exsolved in the two-phase field in which the mass fraction of 
vapor was -0.992 and had a density of -0.15 to 0.25 glee. This "dense" vapor 
contained -4.4 wt.% NaCl and -87% of the total exsolved chlorine; the 
remaining chlorine resided in a hydrous molten salt with a salinity of -81 wt.% 
NaCl and whose mass fraction of 0.008 contained -13% of the total exsolved 
chlorine. 
2. The dense vapor ± entrained fog of brine droplets ascended to a palaeodepth of 
2 km along a quasi-isochoric (constant density) ascent path. The isochoric route 
through the lithostatic rock column requires transport of vapor along self-
propagating mobile hydrofractures, and implies that the system was not freely 
degassing from an open system "lava pool" as occurs in many high-temperature 
but low-pressure volcanic fumaroles where fluid escape is by free expansion. 
3. The two-phase vapor ± entrained brine cooled substantially during ascent by 
being in intimate contact with the wallrocks that it was hydrofracturing. The 
magmatic fluid decompressed isoenthalpically across the lithostatic-hydrostatic 
transition at the base of the deep high-sulphidation system. During 
decompression, the bulk magmatic fluid decompressed by -380 bars and cooled 
by a further 150°C from 525 to 375°C. Approximately a third of the vapor 
condensed during decompression at the lithostatic-hydrostatic boundary, and the 
remainder condensed within a further 10°C of cooling. The chlorine content of 
the vapor, as it ascended from the site of accumulation in the chamber carapace to 
the brittle-ductile transition at -2 km depth, was mostly preserved emoute, with 
85% of the total exsolved chlorine still residing in the vapor phase at 550 bars of 
lithostatic pressure, with only 2% of the total exsolved chlorine actually 
condensing to a liquid phase during ascent. 
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4. On the hydrostatically pressured side of the brittle-ductile transition, the 
condensed magmatic fluid had a bulk salinity of 4-6 wt.% NaCl equivalent, as 
defined by a mixing array in fluid inclusion data. Because ~ 62-64% of the bulk 
fluid remained as a vapor at the instant of brittle-ductile decompression at 2 km 
depth, substantial excess enthalpy was available to heat ambient groundwater 
during the subsequent 10°C of cooling required to completely condense all of the 
vapor phase. The condensed magmatic fluid mixed with ambient heated 
groundwater and then ascended as a plume through the deposit. Stable isotope 
data indicate that mixing proportions within the deposit were approximately 
50:50 in fluids that were in equilibrium with hydrothermal sericite. 
5. The ascending hybrid fluid plume is identified by spatial variation of infrared 
spectral reflectance parameters that map time-integrated and temperature-
dependant chemical variations in high-sulphidation-stage potassic white mica. 
The magmatic vapor plume is resolved by an ~500 metre wide annular core of 
high temperature alkali-deficient muscovite. In cross-section, the hydrothermal 
plume within the deposit shows asymmetric trends that map downslope 
dispersion of the plume as it ascended and was entrained by palaeo-groundwater 
that flowed from high elevations near the volcanic summit in the east, down flank 
towards the west. The SBW spectral parameter maps the temperature-dependant 
substitution of neutral H20 (and charged H30") into the white mica interlayer site 
that is increasingly expressed at shallow, cooler and peripheral regions of the 
hydrothermal system. 
6. A palaeoaquifer is interpreted to have coincided with a cryptic unconformity 
(identified by a jump in 238U-206Pb ages of alteration resistant magmatic zircons) 
between the Cycle 3 and Cycle 4a volcanic sequences, and to have served as the 
principal condensation trap for high-sulphidation-stage magmatic volatiles. 
7. An isotopic model of mixing between palaeo-meteoric water and an "end-
member" hybrid fluid maps a series of isotherms and fluid mixing proportions 
throughout the district. The modelled mixing patterns reveal that radial outflow 
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occurred westward, downslope from the central plume of condensed magmatic 
vapor that ascended in the deposit. Fingers of magmatic-fluid-enriched 
geothermal water extended radially to the west, down palaeoslope and along 
guiding fractures that transect the western flank of the volcanic centre. 
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APPENDIX A 
(Chapter 4) 
Zircon 238U - 206Pb and 40Ar - 39Ar Geochronology 
40 Ar - 39 Ar Fluence Monitors and Ca Correction Factors 
40Ar- 39Ar Step-Heating Data 
238U - 206Pb Data for Detrital Zircon Grains 
Black Data Points: Accepted data points for age calculation. 
Blue Data Points: Culled data points wherein the observed standard deviation of 
the 238U t206Pb ratio exceeded three times the expected deviation based on 
counting statistics. 
238U - 206Pb Data for Igneous Zircon Separates 
Black Data Points: Accepted data points for final age calculation. 
Blue Data Points: Culled data points wherein the observed standard deviation of 
the 238U t206Pb ratio exceeded three times the expected deviation based on 
counting statistics. 
Green Data Points: Culled data points wherein the age lies outside 2 sigma of the 
mean pooled age. 
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Sample Monitors Position (mm) 40 Ar*f9 ArK (36 Ar/37 Ark.* (39 Ar/37 Ar)c. * K-Glass ( 40/39) 
K-Glass 0.75 0.03230 (n=2) 
GA1550-(A) 2.00 69.819 
EA043223-Biotite 3.75 70.277 3.500£-4 7.860£-4 0.03367 
GA1550-(B) 5.75 70.800 
EA04 3 212-B iotite 7.75 70.761 3.500£-4 7.860£-4 0.03550 
EA043224a 10.00 70. 718 3.500£-4 7.860£-4 0.03653 
GA1550-(C) 11.75 70.684 
EA043753-Sericite 13.50 70.613 3.500£-4 7.860£-4 0.03814 
GA1550-(D) 15.25 70.542 
EA043224-Biotite 17.00 70.536 3.500£-4 7.860£-4 0.03974 
EA043225-Biotite 19.00 70.529 3.500E-4 7.860£-4 0.04066 
GA1550-(E) 20.75 70.523 
EA043717-Sericite 22.75 70.168 3.500£-4 7.860£-4 0.04237 
GA1550-(F) 24.75 69.813 
EA049678-Biotite 26.75 69.596 3.500£-4 7.860£-4 0.04420 
GA1550-(G) 28.75 69.378 
K-Glass 30.25 0.0458 (n=2) 
Bold = Measured values, Italics = Interpolated values. 
* =Correction factors for 36 Ar and 39 Ar are derived from the long-term average values obtained by other workers from 
previous irradiations of these minerals at the Lucas Heights facility. 
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Biotite GAl 550 Neutron Fluence Monitors 
40Ar-39 Ar Neutron Flux Monitors for Irradiation Can ANU-66 
74 
73 
... 
:' 72 
.., 
"C 71 Cl) 
> 
·;: 70 Cl) 
'tj' 
::i&:: 69 
-... ~""' 68 
67 
66 
Hornblende Samples - Tampakan District 
GA 1550 Biotite Neutron Flux Monitors 
Radiogenic 40Ar I K-derived 39Ar 
Irradiation Can ANU-66 
I + Measured Value 
I • Calculated Mean 
~· ii ii ~ I I ; l i . ~ I ' 
0 ll 
2 3 4 5 6 7 
Position (Can Number) 
~ 
8 
Al-2 
Can Sample Monitors 40 Ar* I 39 ArK <36 Ar/37 Ark.* <39 Ar/37 Arka * K-Glass (40/39) 
Can 1 CaF2 + K-Glass 3.490E-4 7.030E-4 0.0246 
Can2 EA043204 GA1550 70.038 3.473E-4 7.049E-4 0.0280 
Can 3 EA043214 GA1550 70.214 3.456E-4 7.067E-4 0.0314 
Can4 EA049678 GA1550 69.906 3.440E-4 7.086E-4 0.0348 
Can 5 EA043212 GA1550 70.159 3.421E-4 7.104E-4 0.0381 
Can 6 EA043207 GA1550 69.921 3.404E-4 7.123E-4 0.0415 
Can 7 EA043206 GA1550 69.199 3.387E-4 7.141E-4 0.0449 
Can 8 CaF2 + K-Glass 3.370E-4 7.160E-4 0.0652 
Bold = Measured values 
Italics = Interpolated values 
* = Correction factors for 36 Ar and 39 Ar derived from 4°Ca by linear interpolation between Can 1 and Can 8. 

EA043204 Hornblende 
Sample Mass : 213.65 mg 
Temperature 
(°C) 
600 
700 
800 
900 
950 
1000 
1020 
1040 
1060 
1080 
1095 
1120 
1140 
1160 
1200 
1300 
1420 
Total 
301.663 
61 .544 
27.251 
20.323 
18.539 
10.531 
6.434 
6.251 
7.709 
5.123 
4.405 
3.600 
2.955 
4.457 
8.611 
17.226 
292.971 
1.544 
1.151 
1.129 
1.342 
2.861 
6.816 
7.573 
7.741 
7.949 
7.569 
7.680 
7.757 
7.491 
7.508 
7.592 
7.538 
7.231 
Appendix A2 
40 Ar-39 Ar Step Heating Data 
Can ANU-66 Level 2 
'J6Arf 9Ar 
(x10·2) 
99.248 
19.714 
8.989 
6.704 
6.136 
3.715 
2.274 
2.245 
2.705 
1.851 
1.606 
1.361 
1.095 
1.476 
2.904 
6.068 
97.913 
39Ar Cumulative 39Ar 40Ar * 
(x10·15 mol) (%) (%) 
0.505 0.1 2.8 
2.590 0.5 5.5 
7.053 1.8 2.8 
8.734 3.3 3.1 
6.392 4.4 3.6 
43.090 12.0 2.1 
39.760 19.0 7.2 
35.640 25.2 6.1 
38.330 31 .9 6.5 
80.650 46.0 7.8 
53.920 55.4 9.5 
125.400 77.4 9.6 
109.700 96.6 15.6 
8.492 98.1 18.8 
6.523 99.2 9.1 
3.973 99_9 0.2 
0.585 100.0 1.5 
571.000 
8.505 
3.385 
0.772 
0.622 
0.676 
0.225 
0.464 
0.385 
0.503 
0.404 
0.420 
0.348 
0.464 
0.844 
0.786 
0.038 
4.459 
A2-1 
Calculated Age K/Ca 
(Ma± 1 s.d.) 
12.290 ± 16.500 0.340 
4.901 ± 1.461 0.457 
1.120 ± 0.765 0.465 
0.902 ± 0.409 0.392 
0.980 ± 0.512 0.183 
0.326 ± 0.128 0.077 
0.673 ± 0.134 0.069 
0.558 ± 0.105 0.068 
0.729 ± 0.156 0.066 
0.586 ± 0.079 0.069 
0.609 ± 0.081 0.068 
0.505 ± 0.053 0.068 
0.673 ± 0.059 0.070 
1.223 ± 0.173 0.070 
1.139 ± 0.374 0.069 
0.055 ± 0.597 0.069 
6.450 ± 13.690 0.072 
A. = 5.543E-10. Fluence monitor GA1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00080374 ± 0.4% 
EA043214 Hornblende 
Sample Mass : 150.83 mg 
Can ANU-66 Level 3 
Temperature 
(OC) 
600 
700 
800 
900 
950 
1000 
1020 
1040 
1060 
1080 
1100 
1115 
1150 
1200 
1300 
1420 
Total 
37.951 
18.014 
13.282 
38.513 
49.552 
36.189 
21 .714 
16.362 
12.528 
9.114 
6.560 
9.899 
8.142 
7.792 
23.535 
0.766 
0.888 
0.761 
1.775 
4.096 
9.117 
9.677 
9.844 
9.939 
9.979 
9.891 
9.792 
10.163 
10.430 
10.341 
'J6Arf 9Ar 
(x10-2) 
9.497 
5.320 
3.875 
12.036 
16.253 
12.244 
7.273 
5.570 
4.192 
3.115 
2.229 
3.330 
2.739 
2.579 
7.899 
896.119 10.272 297.717 
39Ar Cumulative 39Ar 40Ar * 
(x10"15 moQ (%) (%) 
1.391 0.3 26.2 
7.511 2.1 13.1 
13.070 5.1 14.1 
2.240 5.6 8.1 
0.692 5.8 3.9 
7.273 7.5 2.5 
10.850 10.0 5.4 
20.450 14.7 5.4 
24.450 20.3 9.0 
38.840 29.3 9.8 
119.400 56.8 14.5 
29.810 63.7 10.4 
135.100 94_9 13.0 
13.720 98.0 15.5 
8.069 99.9 5.2 
0.438 
433.000 
100.0 2.0 
9.942 
2.357 
1.878 
3.105 
1.922 
0.920 
1.192 
0.885 
1.137 
0.901 
0.958 
1.035 
1.064 
1.219 
1.233 
17.676 
Calculated Age 
(Ma± 1 s.d.) 
14.320 ± 5.450 
3.405 ± 0.924 
2.714 ± 0.495 
4.485 ± 0.820 
2.777 ± 1.712 
1.330 ± 0.646 
1.723 ± 0.399 
1.280 ± 0.262 
1.644 ± 0.221 
1.303 ± 0.139 
1.386 ± 0.083 
1.497 ± 0.175 
1.539 ± 0.112 
1.762 ± 0.1 74 
1.783 ± 0.478 
K/Ca 
0.685 
0.592 
0.690 
0.296 
0.128 
0.057 
0.054 
0.053 
0.053 
0.052 
0.053 
0.053 
0.052 
0.050 
0.051 
25.390 ± 47.230 0.051 
A. = 5.543E-10. Fluence monitor GA1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00080172 ± 0.4% 
EA049678 Hornblende 
Sample Mass : 148.85 mg 
Temperature 
(oC) 
600 
700 
800 
900 
950 
1000 
1040 
1060 
1075 
1085 
1100 
1115 
1145 
1200 
1300 
1420 
Total 
244.908 
54.090 
47.331 
79.726 
43.012 
39.342 
15.246 
8.346 
6.331 
6.076 
6.870 
7.413 
9.390 
12.196 
10.079 
147.677 
0.592 
0.591 
0.616 
1.654 
3.328 
3.847 
5.869 
6.276 
6.303 
6.288 
6.369 
6.725 
7.141 
7.115 
8.148 
8.000 
Appendix A2 
40 Ar-39 Ar Step Heating Data 
Can ANU-66 Level 4 
36Arf9Ar 
(x10-2) 
80.067 
16.739 
15.082 
24.199 
12.819 
12.064 
4.459 
2.075 
1.431 
1.346 
1.635 
1.845 
2.557 
3.392 
2.679 
48.303 
3sAr 
(x10·15 mol) 
0.992 
4.572 
5.415 
4.089 
2.948 
5.958 
36.310 
67.530 
86.800 
55.840 
50.760 
36.340 
24.900 
12.660 
18.900 
1.550 
416.000 
Cumulative 39Ar 
(%) 
0.2 
1.3 
2.7 
3.6 
4.4 
5.8 
14.5 
30.8 
51 .7 
65.1 
77.3 
86.1 
92.0 
95.1 
99.6 
100.0 
(%) 
3.4 
8.6 
5.9 
10.5 
12.6 
10.3 
17.2 
33.8 
42.8 
44.5 
38.6 
35.2 
26.9 
23.5 
29.3 
3.9 
8.334 
4.651 
2.801 
8.363 
5.437 
4.055 
2.639 
2.833 
2.722 
2.715 
2.664 
2.624 
2.538 
2.878 
2.973 
5.740 
A2-2 
Calculated Age K/Ca 
(Ma± 1 s.d.) 
12.070 ± 8.260 0.885 
6.740 ± 1.010 0.893 
4.064 ± 1.952 0.855 
12.110 ± 0.900 0.317 
7.880 ± 1.130 0.158 
5.880 ± 0.540 0.136 
3.829 ± 0.235 0.089 
4.111 ± 0.217 0.083 
3.949 ± 0.073 0.083 
3.940 ± 0.080 0.083 
3.866 ± 0.111 0.082 
3.808 ± 0.168 f 0.078 
3.684 ± 0.199 0.074 
4.176 ± 0.289 0.074 
4.313 ± 0.211 0.064 
8.320 ± 3.910 0.065 
A.= 5.543E-10. Fluence monitorGA1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
j = 0.00080526 ± 0.4% 
EA043212 Hornblende 
Sample Mass: 128.95 mg 
Temperature 
(oC) 
600 
700 
800 
900 
950 
1000 
1020 
1040 
1060 
1075 
1090 
1110 
1150 
1220 
1320 
1420 
871 .873 
225.339 
262.181 
173.624 
69.525 
46.677 
28.529 
15.014 
10.642 
8.869 
8.608 
10.213 
11 .463 
12.837 
21 .172 
758.904 
2.482 
8.041 
4.888 
2.411 
3.858 
5.864 
6.484 
6.412 
6.355 
6.298 
6.246 
6.401 
6.607 
9.422 
14.688 
17.747 
Can ANU-66 Level 5 
36Arf9Ar 
(x10-2) 
287.889 
74.919 
86.308 
55.858 
22.383 
14.854 
8.821 
4.324 
2.927 
2.340 
2.241 
2.717 
3.122 
3.689 
6.664 
252.603 
39Ar Cumulative 39Ar 40Ar* 
(x10-15 mol) (%) (%) 
0.328 0.1 2.5 
1.547 0.5 2.1 
2.549 1.2 2.9 
3.124 2.1 5.0 
2.484 2.7 5.4 
6.907 4.6 7.1 
9.415 7.2 10.8 
29.600 15.2 18.9 
65.150 32.9 24.4 
71.360 52.2 28.8 
62.840 69.2 30.0 
49.730 82.7 27.4 
39.170 93.4 25.0 
21.640 99.2 22.2 
2.662 99.9 13.8 
0.292 100.0 1.9 
Total 369.000 
21 .405 
4.844 
7.604 
8.782 
3.734 
3.342 
3.095 
2.857 
2.610 
2.566 
2.593 
2.807 
2.879 
2.869 
2.955 
14.349 
Calculated Age K/Ca 
(Ma± 1 s.d.) 
30.720 ± 33.580 0.212 
7.000 ± 4.670 0.065 
10.970 ± 5.300 0.107 
12.670 ± 3.440 0.218 
5.400 ± 1.670 0.136 
4.832 ± 0.687 0.089 
4.474 ± 0.529 0.081 
4.131 ± 0.296 0.082 
3.774 ± 0.114 0.083 
3.710 ± 0.110 0.083 
3.749 ± 0.114 0.084 
4.059 ± 0.140 0.082 
4.163 ± 0.158 0.079 
4.148 ± 0.191 0.056 
4.272 ± 1.080 0.035 
20.650 ± 46.170 0.029 
A. = 5.543E-10. Fluence monitor GA1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00080235 ± 0.4% 
EA043207 Hornblende 
Sample Mass: 144.14 mg 
Temperature 
(oC) 
600 
700 
800 
900 
950 
1000 
1020 
1040 
1060 
1080 
1095 
1105 
1125 
1180 
1300 
1420 
Total 
1373.540 
234.987 
100.486 
80.190 
31 .228 
28.144 
25.495 
16.508 
10.440 
8.416 
6.766 
6.737 
8.470 
9.596 
8.410 
153.807 
3.825 
2.284 
2.187 
2.699 
2.501 
3.750 
4.767 
6.403 
6.642 
6.748 
6.887 
7.243 
7.703 
8.027 
9.272 
10.732 
Appendix A2 
40 Ar-39 Ar Step Heating Data 
Can ANU-66 Level 6 
"J6Arf9Ar 
(x10·2) 
453.952 
75.489 
31.433 
24.803 
8.284 
7.724 
7.157 
4.138 
2.263 
1.582 
1.037 
1.037 
1.603 
2.042 
1.669 
50.515 
39Ar Cumulative 39Ar 40Ar * 
(x10·15 mol) (%) (%) 
0.291 0.1 2.3 
1.995 0.6 5.2 
4.737 1.8 7.7 
5.588 3.3 8.9 
2.786 4.0 22.3 
4.381 5.1 20.1 
3.545 6.1 18.8 
7.336 8.0 29.5 
18.850 12.9 ~1 ~9 
59.340 28.3 52.0 
133.800 63.0 64.3 
51 .910 76.4 64.7 
29.860 84.2 52.7 
24.780 90.6 45.1 
35.040 99.6 52.0 
1.379 100.0 3.6 
386.000 
32.362 
12.157 
7.797 
7.166 
6.969 
5.658 
4.800 
4.896 
4.401 
4.399 
4.374 
4.383 
4.490 
4.350 
4.400 
5.607 
Calculated Age 
(Ma± 1 s.d.) 
105.08 
46.400 ± 0 
17.570 ± 4.170 
11.290 ± 1.390 
10.380 ± 1.250 
10.090 ± 0.980 
8.200 ± 0.600 
6.960 ± 0.660 
7.100 ± 0.240 
6.380 ± 0.280 
6.380 ± 0.070 
6.340 ± 0.040 
6.360 ± 0.080 
6.510 ± 0.130 
6.310 ± 0.130 
6.380 ± 0.100 
8.130 ± 4.950 
A2-3 
K/Ca 
0.137 
0.230 
0.240 
0.195 
0.210 
0.140 
0.110 
0.082 
0.079 
0.078 
0.076 
0.072 
0.068 
0.065 
0.056 
0.049 
A. = 5.543E-10. Fluence monitor GA1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00080508 ± 0.4% 
EA043206 Hornblende 
Sample Mass : 148.74 mg 
Temperature 
(OC) 
600 
700 
800 
900 
950 
1000 
1020 
1040 
1060 
1075 
1085 
1095 
1110 
1125 
1160 
1220 
1300 
1420 
Total 
377.184 
121 .724 
86.340 
64.653 
35.804 
27.235 
19.546 
16.303 
10.720 
8.359 
7.638 
8.524 
11 .772 
14.657 
17.486 
26.335 
243.793 
2148.586 
1.749 
6.056 
13.535 
1.586 
3.352 
4.891 
3.707 
4.885 
5.795 
6.080 
6.381 
6.975 
8.502 
9.557 
7.254 
7.180 
6.693 
6.051 
Can ANU-66 Level 7 
"J6Arf9Ar 
(x10·2) 
119.127 
37.241 
26.541 
20.413 
11.015 
8.314 
5.673 
4.790 
3.106 
2.306 
2.006 
2.232 
3.201 
4.010 
4.631 
6.979 
81 .544 
721.893 
39Ar Cumulative 39Ar 40Ar * 
(x10"15 moo (%) (%) 
1.328 0.4 6.7 
5.220 1.9 10.1 
7.072 3.8 10.7 
4.668 5.2 6.9 
5.033 6.6 9.9 
10.200 9.5 11 .4 
7.485 11 .6 15.9 
8.839 14.1 15.9 
24.160 20.9 19.4 
52.780 35.8 25.3 
50.810 50.2 30.2 
48.570 63.9 30.3 
55.010 
36.780 
22.870 
12.470 
0.669 
0.152 
354.000 
79.4 
89.8 
96.3 
99.8 
100.0 
100.0 
26.5 
25.4 
25.6 
24.2 
1.4 
0.7 
25.307 
12.294 
9.308 
4.463 
3.562 
3.126 
3.111 
2.601 
2.085 
2.120 
2.315 
2.596 
3.138 
3.747 
4.507 
6.422 
3.445 
15.170 
Calculated Age 
(Ma± 1 s.d.) 
36.760 ± 9.450 
17.950 ± 1.660 
13.610 ± 1.410 
6.540 ± 1.300 
5.220 ± 0.770 
4.582 ± 0.499 
4.560 ± 0.476 
3.813 ± 0.279 
3.057 ± 0.261 
3.109 ± 0.100 
3.394 ± 0.109 
3.806 ± 0.099 
K/Ca 
0.300 
0.086 
0.038 
0.331 
0.157 
0.107 
0.142 
0.107 
0.090 
0.086 
0.082 
0.075 
4.599 ± 0.125 0.061 
5.490 ± 0.180 0.055 
6.600 ± 0.230 0.072 
9.400 ± 0.350 0.073 
5.050 ± 10.500 0.078 
22.130 ± 158.24 0.086 
A. = 5.543E-10. Fluence monitor GA1550 Biotite: Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00081348 ± 0.4% 
EA043753 Sericite 
Sample Mass : 30.14 mg 
Temperature 
(oC) 
550 
600 
650 
675 
695 
715 
740 
780 
810 
850 
900 
1000 
1100 
1200 
1300 
1420 
Total 
11.655 
6.959 
4.642 
3.928 
3.795 
3.839 
3.944 
4.048 
4.176 
4.329 
4.878 
7.998 
30.427 
373.432 
303.326 
1227.912 
37Ari39Ar 
(x10-2) 
0.744 
0.285 
0.559 
0.629 
0.543 
0.369 
0.304 
0.397 
0.365 
0.358 
0.324 
0.015 
1.671 
23.051 
11 .939 
4.042 
Appendix A2 
40 Ar-39 Ar Step Heating Data 
Can ANU-65 Packet 7 
36Ari39Ar 
(x10-2) 
3.118 
1.602 
0.797 
0.561 
0.469 
0.494 
0.458 
0.441 
0.421 
0.400 
0.524 
1.498 
7.373 
127.614 
98.818 
404.176 
39Ar 
(x10-15 mol) 
22.110 
39.620 
100.800 
102.500 
88.890 
76.980 
75.960 
96.450 
68.610 
53.020 
27.880 
11.800 
1.077 
0.210 
0.229 
0.046 
766.000 
Cumulative 39Ar 
(%) 
2.9 
8.1 
21 .2 
34.6 
46.2 
56.2 
66.2 
78.7 
87.7 
94.6 
98.3 
99.8 
99.9 
100.0 
100.0 
100.0 
(%) 
20.7 
31.5 
48.6 
57.0 
62.7 
61.2 
65.0 
67.0 
69.5 
72.0 
67.6 
44.3 
28.3 
-1.0 
3.7 
2.7 
2.411 
2.193 
2.258 
2.240 
2.379 
2.350 
2.563 
2.714 
2.902 
3.116 
3.298 
3.539 
8.609 
0.001 
11.314 
33.358 
A2-4 
Calculated Age K/Ca 
(Ma± 1 s.d.) 
3.464 ± 0.153 70.922 
3.151 ± 0.095 184.843 
3.244 ± 0.053 94.340 
3.219 ± 0.044 84.034 
3.418 ± 0.033 97.087 
3.377 ± 0.037 142.653 
3.682 ± 0.039 173.010 
3.899 ± 0.026 132.626 
4.168 ± 0.052 144.092 
4.476 ± 0.056 146.843 
4.737 ± 0.079 162.602 
5.080 ± 0.170 3424.658 
12.340 ± 1.850 31.447 
0.001 ± 37.618 2.283 
16.200 ± 31.170 4.405 
47.350 ± 219.66 13.021 
A.= 5.543E-10. Fluence monitor GA1550 Biotite: Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00079719 ± 0.4% 
EA043717 Sericite 
Sample Mass : 20.47 mg 
Temperature 
(oC) 
500 
550 
600 
640 
670 
695 
720 
770 
820 
920 
1040 
1190 
1350 
19.682 
16.513 
11 .174 
7.971 
6.125 
5.010 
4.564 
4.497 
4.988 
6.660 
17.784 
66.905 
187.639 
37Ari39Ar 
(x10-2) 
2.795 
1.857 
1.774 
1.496 
1.693 
1.581 
1.323 
1.139 
0.842 
1.549 
21 .088 
745.398 
120.466 
Can ANU-65 Packet 9 
36Ari39Ar 
(x10-2) 
5.771 
4.869 
3.000 
1.896 
1.276 
0.865 
0.686 
0.628 
0.686 
1.128 
3.700 
19.778 
55.927 
39Ar Cumulative 39Ar ~0Ar * 
(x10-15 mol) (%) (%) 
5.223 1.1 13.2 
8.042 2.8 12.6 
27.430 8.5 20.3 
50.900 19.1 29.2 
71.770 34.1 37.8 
77.570 50.3 48.2 
68.890 64.6 54.7 
84.190 82.2 57.8 
52. 730 93.2 58.5 
28.440 99.1 49.3 
3.078 99.8 38.4 
0.810 99.9 13.8 
0.296 100.0 12.0 
Total 479.000 
2.589 
2.089 
2.271 
2.326 
2.315 
2.414 
2.494 
2.599 
2.920 
3.287 
6.834 
9.257 
22.468 
Calculated Age 
(Ma± 1 s.d.) 
3.743 ± 0.683 
3.020 ± 0.389 
3.284 ± 0.195 
3.363 ± 0.098 
3.347 ± 0.062 
3.491 ± 0.068 
3.607 ± 0.055 
3.758 ± 0.034 
4.221 ± 0.043 
K/Ca 
18.832 
28.329 
29.674 
35.211 
31 .056 
33.333 
39.841 
46.296 
62.500 
4.752 ± 0.086 34.014 
9.860 ± 0.850 2.494 
13.350 ± 3.410 0.070 
32.230 ± 12.270 0.437 
A. = 5.543E-10. Fluence monitor GA1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00080225 ± 0.4% 
EA043223 Biotite 
Sample Mass : 19.82 mg 
Temperature 
(oC) 
550 
600 
650 
700 
750 
775 
800 
825 
855 
895 
940 
990 
1040 
1080 
1110 
1130 
1170 
1300 
Total 
253.652 
123.499 
52.843 
59.843 
86.156 
33.237 
15.840 
9.608 
7.795 
7.453 
7.1 95 
6.542 
4.157 
3.418 
3.119 
3.078 
3.540 
10.431 
37Arf9Ar 
(x10-2) 
85.679 
66.010 
100.956 
208.803 
86.289 
11.660 
5.331 
4.012 
4.227 
5.517 
9.080 
36.689 
8.441 
8.883 
7.631 
6.479 
15.785 
20.513 
Appendix A2 
40 Ar-39 Ar Step Heating Data 
Can ANU-65 Packet 3 
"J6Arf9Ar 
(x10-2) 
88.172 
39.429 
16.547 
19.972 
28.301 
10.277 
4.525 
2.315 
1.798 
1.587 
1.474 
1.262 
0.536 
0.351 
0.257 
0.244 
0.345 
2.557 
39Ar Cumulative 39Ar 40Ar * 40Ar*f9Ar(K) 
(x10-15 mol) (%) (%) 
0.281 0.1 -2.7 0.001 
0.441 0.1 5.7 7.019 
1.674 0.4 7.6 4.013 
4.328 
7.505 
14.460 
22.190 
20.660 
21.000 
28.1 50 
27.840 
32.680 
67.980 
90.270 
119.800 
84.380 
23.890 
5.221 
573.000 
1.2 
2.5 
5.0 
8.9 
12.5 
16.2 
21.1 
25.9 
31 .6 
43.5 
59.3 
80.2 
94.9 
99.1 
100.0 
1.7 
3.0 
8.5 
15.4 
28.5 
31 .5 
36.7 
39.1 
43.1 
61.3 
69.0 
74.8 
75.7 
70.7 
27.4 
1.016 
2.585 
2.839 
2.447 
2.737 
2.452 
2.734 
2.816 
2.820 
2.549 
2.357 
2.333 
2.330 
2.503 
2.863 
A2-5 
Calculated Age K/Ca 
(Ma± 1 s.d.) 
0.001 ± 15.327 0.613 
10.110 ± 5.880 0.800 
5.790 ± 1.770 0.521 
1.468 ± 0.994 
3.731 ± 1.277 
4.098 ± 0.469 
3.532 ± 0.171 
3.951 ± 0.1 30 
3.540 ± 0.1 55 
3.947 ± 0.100 
4.065 ± 0.129 
4.070 ± 0.095 
3.679 ± 0.039 
3.403 ± 0.027 
3.368 ± 0.029 
3.364 ± 0.025 
3.614 ± 0.072 
4.133 ± 0.444 
0.252 
0.610 
4.505 
9.901 
13.123 
12.453 
9.524 
5.780 
1.435 
6.250 
5.917 
6.897 
8.130 
3.333 
2.564 
A. = 5.543E-10. Fluence monitor GA 1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.000801 ± 0.4% 
EA043212 Biotite 
Sample Mass : 20.71 mg 
Temperature 
(oC) 
550 
600 
650 
700 
750 
800 
840 
870 
900 
950 
1050 
1090 
1115 
1135 
1200 
1300 
Total 
193.095 
71 .323 
20.468 
31 .112 
32.879 
9.627 
4.205 
3.388 
3.233 
3.810 
3.472 
3.089 
3.196 
3.924 
17.450 
82.686 
37Arf9Ar 
(x10-2) 
29.254 
35.818 
39.742 
35.152 
2.401 
0.329 
0.231 
0.396 
0.228 
0.922 
2.835 
1.493 
0.931 
3.789 
55.734 
102.871 
Can ANU-65 Packet 5 
"J6Arf9Ar 
(x10-2) 
62.079 
23.398 
6.469 
9.696 
10.290 
2.349 
0.518 
0.229 
0.216 
0.353 
0.260 
0.163 
0.188 
0.391 
5.588 
26.317 
39Ar Cumulative 39Ar 40Ar * 40Ar*f9Ar(K) 
(x10-15 mol) (%) (%) 
0.1 26 0.0 5.0 9.626 
0.353 0.1 3.1 2.192 
2.093 0.4 6.6 1.350 
3.886 0.9 7.9 2.474 
11.360 2.4 7.4 2.449 
51.470 9.4 27.5 2.650 
64.210 18.1 62. 7 2.639 
57.740 26.0 79.0 2.677 
45.370 32.1 79.2 2.561 
32.280 36.5 71.7 2.733 
124.600 
184.500 
137.200 
19.170 
1.451 
0.345 
736.000 
53.5 
78.5 
97.2 
99.8 
100.0 
100.0 
77.0 
83.3 
81.5 
69.8 
5.5 
6.0 
2.673 
2.576 
2.604 
2.737 
0.963 
4.979 
Calculated Age K/Ca 
(Ma± 1 s.d.) 
13.760 ± 22.840 1.799 
3.144 ± 6.665 1.468 
1.936 ± 1.302 1.325 
3.547 ± 0.662 1.497 
3.511 ± 0.477 21 .930 
3.800 ± 0.088 160.000 
3.783 ± 0.046 227.790 
3.838 ± 0.026 132.802 
3.671 ± 0.036 230.947 
3.917 ± 0.050 57.143 
3.833 ± 0.022 18.553 
3.693 ± 0.019 35.211 
3.733 ± 0.015 56.497 
3.924 ± 0.060 13.889 
1.382 ± 1.512 0.943 
7.130 ± 8.700 0.510 
A. = 5.543E-10. Fluence monitor GA1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00079553 ± 0.4% 
EA043224 Biotite 
Sample Mass : 20.93 mg 
Temperature 
(oC) 
550 
600 
650 
690 
730 
760 
790 
820 
850 
900 
940 
980 
1010 
1035 
1060 
1120 
1200 
1300 
121.155 
69.915 
33.505 
19.090 
17.492 
10.631 
7.329 
6.839 
9.189 
10.151 
7.682 
5.832 
4.826 
4.504 
4.557 
5.029 
15.877 
102.997 
37Arf9Ar 
(x10-2) 
18.745 
30.435 
31.721 
40.070 
18.094 
5.548 
3.372 
3.510 
6.059 
8.357 
9.092 
5.738 
2.660 
1.793 
2.297 
8.027 
332.941 
101.808 
Appendix A2 
40 Ar-39 Ar Step Heating Data 
Can ANU-65Packet13 
36Arf9Ar 
(x10"2) 
39.973 
23.095 
10.587 
6.304 
5.218 
2.596 
1.477 
1.296 
2.159 
2.447 
1.622 
0.961 
0.601 
0.516 
0.537 
0.635 
5.744 
32.524 
39Ar Cumulative 39Ar 40Ar * 
(x10·15 mol) (%) (%) 
0.962 0.2 2.5 
0.857 0.3 2.4 
3.307 0.9 6.6 
11.430 2.9 2.4 
18.100 6.2 11.7 
30.750 11.6 27.5 
40.960 18.9 39.9 
40.110 26.0 43.5 
26.010 30.6 30.2 
34.520 36.8 28.5 
32.050 42.5 37.2 
55.260 52.3 50.7 
86.640 67.7 62.5 
88.740 83.4 65.3 
59.210 94.0 64.4 
32.750 99.8 62.1 
0.850 99.9 -5.0 
0.404 100.0 6.8 
Total 563.000 
2.994 
1.667 
2.219 
0.465 
2.049 
2.926 
2.928 
2.974 
2.774 
2.890 
2.858 
2.958 
3.014 
2.941 
2.935 
3.122 
0.001 
6.994 
Calculated Age 
(Ma± 1 s.d.) 
4.306 ± 5.178 
2.398 ± 3.608 
3.192 ± 0.761 
0.669 ± 0.341 
2.948 ± 0.308 
4.207 ± 0.144 
4.210 ± 0.099 
4.276 ± 0.091 
3.989 ± 0.146 
4.156 ± 0.105 
4.111 ± 0.120 
4.254 ± 0.061 
4.334 ± 0.044 
4.229 ± 0.030 
4.220 ± 0.052 
4.489 ± 0.081 
0.001 ± 1.997 
A2-6 
K/Ca 
2.809 
1.727 
1.658 
1.312 
2.907 
9.524 
15.625 
14.993 
8.696 
6.289 
5.780 
9.174 
19.763 
29.326 
22.936 
6.536 
0.158 
10.040 ± 11 .290 0.515 
A.= 5.543E-10. Fluence monitor GA1550 Biotite: Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00079806 ± 0.4% 
EA043225 Biotite 
Sample Mass: 18.92 mg 
Temperature 
(OC) 
650 
700 
750 
800 
850 
900 
950 
990 
1015 
1035 
1065 
1095 
1180 
1300 
Total 
19.397 
15.446 
10.635 
6.026 
6.114 
6.269 
5.820 
5.191 
4.390 
4.123 
4.068 
4.222 
6.124 
30.203 
37Arf9Ar 
(x10-2) 
33.418 
36.443 
11 .378 
3.491 
4.192 
6.989 
6.282 
4.769 
3.180 
2.828 
2.879 
4.792 
112.348 
162.753 
Can ANU-65Packet15 
36Arf9Ar 
(x10-2) 
6.221 
4.935 
2.673 
1.017 
1.063 
1.134 
0.895 
0.670 
0.459 
0.370 
0.373 
0.412 
1.167 
10.135 
39Ar Cumulative 39Ar 40Ar * 
(x10·15 mol) (%) (%) 
3.136 0.7 5.2 
10.430 3.0 5.6 
25.180 8.6 25.5 
49.190 19.5 49.5 
34.020 27.1 48.0 
23.480 32.3 46.0 
24.500 37.7 54.0 
39.840 46.6 61.2 
54.620 58.7 68.3 
60.610 72.2 72.5 
70.360 87.8 72.0 
43.890 97.6 70.3 
9.791 99.7 44.9 
1.184 100.0 1.3 
450.200 
1.006 
0.858 
2.708 
2.984 
2.934 
2.883 
3.141 
3.175 
2.998 
2.991 
2.926 
2.970 
2.753 
0.384 
Calculated Age 
(Ma± 1 s.d.) 
1.448 ± 1.392 
1.235 ± 0.338 
3.895 ± 0.211 
4.292 ± 0.070 
4.220 ± 0.098 
4.147 ± 0.105 
4.517 ± 0.106 
4.566 ± 0.070 
4.312 ± 0.052 
4.302 ± 0.057 
4.209 ± 0.036 
4.271 ± 0.062 
3.959 ± 0.241 
0.552 ± 1.533 
K/Ca 
1.575 
1.443 
4.630 
15.083 
12.563 
7.519 
8.403 
11.038 
16.556 
18.622 
18.282 
10.989 
0.467 
0.323 
A.= 5.543E-10. Fluence monitor GA1550 Biotite: Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00079813 ± 0.4% 
Appendix A2 
40 Ar-39 Ar Step Heating Data A2-7 
EA049678 Biotite Can ANU-65Packet16 
Sample Mass : 18.54 mg 
Temperature 40Arf 9Ar 37Arf9Ar 'J6Arf 9Ar 39Ar Cumulative 39Ar 40Ar * 40Ar*f 9Ar(K) Calculated Age K/Ca 
(OC) (x10-2) (x10-2) (x10·15 mol) (%) (%) (Ma± 1 s.d.) 
550 268.998 85.984 84.561 0.323 0.1 7.1 19.234 27.850 ± 15.910 0.613 
600 164.673 52.114 55.916 0.936 0.2 -0.3 0.001 0.001 ± 6.049 1.009 
650 69.536 46.440 23.231 4.438 1.1 1.3 0.874 1.274 ± 1.573 1.133 
700 76.294 33.538 25.722 7.344 2.4 0.4 0.269 0.392 ± 0.960 1.570 
750 171 .607 11 .899 57.683 6.241 3.6 0.6 1.068 1.558 ± 2.951 4.425 
790 58.651 3.084 19.034 13.050 6.0 4 2.363 3.444 ± 0.790 17.065 
840 16.054 2.325 4.539 37.100 12.8 16.2 2.602 3.793 ± 0.194 22.624 
890 7.838 1.741 1.741 60.270 23.9 33.8 2.653 3.867 ± 0.091 30.211 
930 4.871 1.549 0.737 55.310 34.1 54.4 2.648 3.860 ± 0.071 34.014 
960 5.929 3.129 1.064 45.960 42.5 46.3 2.746 4.002 ± 0.059 16.807 
1000 7.674 5.726 1.599 52.830 52.3 37.9 2.910 4.241 ± 0.080 9.174 
1040 4.896 5.037 0.734 68.490 64.9 54.9 2.690 3.920 ± 0.054 10.449 
1070 4.009 7.796 0.460 64.760 76.8 65.2 2.612 3.807 ± 0.039 6.757 
1100 3.809 5.452 0.397 72.620 90.2 68.2 2.598 3.787 ± 0.033 9.615 
1130 3.561 11 .297 0.328 42.940 98.1 71 .9 2.561 3.733 ± 0.055 4.651 
1300 5.615 28.247 1.021 10.440 100.0 46 2.583 3.765 ± 0.1 50 1.862 
Total 543.000 
A. = 5.543E-10. Fluence monitor GA 1550 Biotite : Age 98.8 Ma. 48 hour irradiation in position X33 HIFAR reactor, 0.2 mm Cd shielding. 
J = 0.00080884 ± 0.4% 

Appendix A3 A3-1 
Detrital zircon 238 U- 206 Pb laser-ablation ICP-MS age data 
Sample 206pb I 2381.J 201Pb I 235tJ 208pj,/ mTh z32Th I 2381.J f -206 f-207 u Th zooPb/2381.J age Age* 
301-46 4.22E-02 ± 7. 14E-03 5.05E+OO ± 8.55E-01 9.52E-01 ± 1 .48E-01 8.94E-02 ± 3.22E-03 
-
1.013 237 ± 10 21 ± 1 266.6 ± 2.44 266.6 
307-70 1.19E-03±1.1 lE-05 1.59E-02 ± 7.16E-04 5.55E-04 ± 1 .56E-05 6.90E-01 ± 5.lOE-03 0.938 0.062 37 ± 0 25 ± 0 7.21 ± 0.08 7.29 
307-24 1. 17E-03 ± 1.61 E-05 1 .42E-02 ± 8.67E-04 5.43E-04 ± 3. 17E-05 6.82E-01 ± 4.02E-03 0.948 0.052 58 ± 0 39 ± 0 7.12±0.11 7.20 
307-19 1.12E-03±1 .17E-05 1. 1 5E-02 ± 4.31 E-04 4.57E-04 ± 1. 17E-05 6.58E-01 ± 3.69E-03 0.965 0.035 51 ± 1 32 ± 1 6.99 ± 0.08 7.07 
307--02 1. 14E-03 ± 9. 1 5E-06 1.71E-02 ± 6.21 E-04 5.66E-04 ± 1 .54E-05 7.07E-01 ± 5.97E-03 0.923 0.077 54 ± 1 37 ± 1 6.81 ± 0.06 6.88 
307-58 1. 1 OE-03 ± 9.80E-06 1. 14E-02 ± 4.72E-04 4.28E-04 ± 1. 12E-05 7.84E-01 ± 5.51E-03 0.964 0.036 47 ± 1 36 ± 1 6.81 ± 0.07 6.88 
307-61 1 .06E-03 ± 1 .56E-05 8.29E-03 ± 3.27E-04 3.50E-04 ± 4.00E-06 1.18685 ± 9.1 lE-03 0.987 0.013 106 ± 4 123 ± 5 6.74±0.10 6.82 
307-69 1 .94E-03 ± 5.25E-05 1. 13E-01 ± 4.63E-03 2. 11 E-03 ± 1 .14E-04 1 .03898 ± 9.48E-03 - 0.463 64 ± 1 65 ± 1 6.72 ± 0.27 6.80 
307-13 1 .09E-03 ± 1 .38E-05 1.27E-02±7.75E-04 4.72E-04 ± 1 .69E-OS 7.93E-01 ± 1.12E-02 0.953 0.047 33 ± 1 25 ± 1 6.71 ±0.10 6.79 
307-1 6 1 .09E-03 ± 1 .20E-05 1 .28E-02 ± 6.57E-04 4.25E-04 ± 1. 12E-05 1.01658 ± 1. 1 OE-02 0.952 0.048 54 ± 0 54 ± 1 6.70 ± 0.08 6.78 
307-31 1.07E-03 ± 9.34E-06 1. 1 OE-02 ± 5.33E-04 4. 18E-04 ± 1. 11 E-05 8.62E-01 ± 8.99E-03 0.966 0.034 39 ± 0 33 ± 0 6.68 ± 0.07 6.76 
307-17 1.1 1 E-03 ± 1. 11 E-05 1 .55E-02 ± 5.58E-04 5.57E-04±1 .18E-05 7.77E-01 ± 8.52E-03 0.932 0.068 39 ± 0 29 ± 0 6.68 ± 0.07 6.76 
307--08 1.09E-03 ± 9.37E-06 1 .28E-02 ± 5.07E-04 4. 1 8E-04 ± 7 .42E-06 1.01 528 ± 1 .08E-02 0.952 0.048 67 ± 2 66 ± 2 6.67 ± 0.06 6.75 
307-14 1. 1 2E-03 ± 1.21 E-05 1.74E-02 ± 5.49E-04 5.38E-04 ± 1 .46E-05 9.34E-01 ± 1.53E-02 0.918 0.082 58 ± 3 53 ± 3 6.62 ± 0.08 6.70 
307-74 1. 19E-03 ± 2.20E-05 2.64E-02 ± 1.84E-03 8.25E-04 ± 3.32E-05 7.1 lE-01 ± 6.lOE-03 0.859 0.141 40 ± 1 28 ± 1 6.59 ±0.16 6.67 
307-27 1.09E-03 ± 9.90E-06 1.47E-02 ± 8.28E-04 5.61 E-04 ± 1.67E-05 6.17E-01 ± 4.74E-03 0.936 0.064 41 ± 0 25 ± 0 6.57 ± 0.08 6.65 
307-80 1 .09E-03 ± 9.25E-06 1.44E-02 ± 5.07E-04 5.40E-04 ± 1 .35E-05 5.79E-01 ± 3.83E-03 0.938 0.062 74 ± 1 42 ± 1 6.56 ± 0.06 6.64 
307--04 1.05E-03 ± 6.45E-06 1. 1 2E-02 ± 3. 1 3E-04 3.97E-04 ± 6.30E-06 1. 12S53 ± 1 .43E-02 0.962 0.038 116 ± 1 128 ± 2 6.52 ± 0.04 6.59 
307-20 1 .05E-03 ± 9.69E-06 1 .07E-02 ± 3.86E-04 3.77E-04 ± 5.99E-06 1. 11638 ± 1 .24E-02 0.965 0.035 62 ± 1 67 ± 2 6.51 ± 0 .06 6.59 
307-11 1.08E-03 ± 1.30E-05 1 .47E-02 ± 6.34E-04 4.44E-04 ± 1.62E-05 9.1 lE-01 ± 4.99E-03 0.935 0.065 50 ± 0 44 ± 0 6.51 ± 0.09 6.59 
307-25 1.06E-03 ± 1 .02E-05 1.31 E-02 ± 5.92E-04 4.43E-04 ± 1.01 E-05 9.18E-0 1 ± 8.07E-03 0.947 0.053 52 ± 1 47 ± 1 6.50 ± 0.07 6.58 
307-45 1 .76E-03 ± 4.05E-05 9.56E-02 ± 3.30E-03 2. 1 2E-03 ± 1.07E-04 8.3 1E-01 ± 1.14E-02 0.572 0.428 54 ± 1 43 ± 1 6.49 ± 0.21 6.57 
307-65 1.08E-03 ± 1 .54E-05 1 .53E-02 ± 7.76E-04 4.49E-04 ± 1.27E-05 1.28336 ± 3.24E-02 0.930 0.070 106 ± 3 133 ± s 6.49±0.10 6.57 
307--07 1 .05E-03 ± 1 .33E-OS 1. 1 7E-02 ± 3.88E-04 4.40E-04 ± 8. 1 OE-06 7.00E-01 ± 8.93E-03 0.957 0.043 87 ± 2 59 ± 2 6.49 ± 0.08 6.57 
307--03 1 .08E-03 ± 8.48E-06 1.51E-02±4.06E-04 4.44E-04 ± 7 .98E-06 9.7 1E-01 ± S.14E-03 0.932 0.068 52 ± 1 49 ± 1 6.48 ± 0.06 6.56 
307-18 1.04E-03 ± 9.21 E-06 1.09E-02 ± 3.98E-04 3.73E-04 ± 6.94E-06 1.00204 ± 5.78E-03 0.963 0.037 48 ± 1 47 ± 1 6.47 ± 0.06 6.55 
307-50 1 .02E-03 ± 8.73E-06 8.88E-03 ± 2.94E-04 3.44E-04 ± 3.92E-06 1.211 48 ± 3.76E-03 0.979 0.021 82 ± 1 96 ± 1 6.46 ± 0.06 6.54 
307-43 1 .05E-03 ± 1 .05E-05 1. 1 6E-02 ± 5.41 E-04 3.80E-04 ± 8.08E-06 9.52E-01 ± 6.44E-03 0.958 0.042 44 ± 0 41 ± 0 6.46 ± 0.07 6.54 
307-76 1 .04E-03 ± 1 .42E-05 1.14E-02 ± 9.98E-04 4.01 E-04 ± 3.93E-05 7.24E-01 ± 9.78E-03 0.958 0.042 37 ± 1 26 ± 1 6.40 ±0.10 6 .48 
307-41 1 .06E-03 ± 1. 12E-05 1.38E-02 ± 6.48E-04 4. 1 7E-04 ± 7 .38E-06 1.07054 ± 5.98E-03 0.940 0.060 7S ± 2 79 ± 2 6.39 ± 0.08 6.47 
307-64 1.02E-03 ± 9. 11 E-06 9.33E-03 ± 4. 14E-04 3.66E-04 ± 5.90E-06 9.81E-01 ± 1.02E-02 0.975 0.025 SS ± 0 52 ± 1 6.39 ± 0.06 6 .47 
307-54 1 .03E-03 ± 1 .50E-05 1.08E-02 ± 5.06E-04 4. 13E-04 ± 1.05E-05 7.60E-01 ± 6.23E-03 0.963 0.037 48 ± 1 36 ± 1 6.38 ± 0.10 6.46 
307-55 1.02E-03 ± 8.67E-06 1 .07E-02 ± 4. 1 9E-04 4.22E-04 ± 9.45E-06 6.07E-01 ± 2.27E-03 0.963 0.037 49 ± 1 29 ± 1 6.36 ± 0.06 6.44 
307-26 1. 1 OE-03 ± 1 .54E-05 2.02E-02 ± 1.17E-03 6.68E-04 ± 3.05E-05 7.51E-01 ± 7.47E-03 0.893 0.107 46 ± 0 33 ± 0 6.34 ± 0.11 6.42 
307-29 1 .03E-03 ± 8.76E-06 1.21E-02 ± 3.93E-04 4.22E-04 ± 7.60E-06 8.88E-01 ± 2.84E-03 0.952 0.048 50 ± 1 43 ± 1 6.33 ± 0.06 6.41 
307-46 1 .03E-03 ± 1.00E-05 1. 1 6E-02 ± 4.64E-04 3.80E-04 ± 7.57E-06 9.32E-01 ± 8.08E-03 0.956 0.044 43 ± 1 39 ± 1 6.33 ± 0.07 6.41 
307-51 1.03E-03 ± 1 .03E-05 1 .17E-02 ± 6. 72E-04 4.50E-04 ± 1 .65E-OS 7.15E-01 ± 4.80E-03 0.9S5 0.045 52 ± 1 36 ± 0 6.33 ± 0.07 6 .41 
307-56 1.06E-03 ± 1. 16E-05 1.54E-02 ± 7.27E-04 4.79E-04 ± 1.30E-05 7.37E-01 ± 4.72E-03 0.926 0.074 34 ± 0 25 ± 0 6.31 ± 0.08 6.39 
307-32 1 .03E-03 ± 8.65E-06 1.18E-02 ± 4.21E-04 3.93E-04 ± 6.93E-06 9.38E-01 ± 4.38E-03 0.954 0.046 49 ± 0 45 ± 0 6.3 1 ± 0.06 6.39 
307-22 1 .03E-03 ± 1 .02E-05 1.26E-02 ± 7 .08E-04 4.77E-04 ± 1.24E-05 7.76E-01 ± 3.53E-03 0.948 0.052 39 ± 0 30 ± 0 6.31 ± 0.07 6.39 
307-72 1 .02E-03 ± 1.21 E-05 1 .09E-02 ± 4.99E-04 3.87E-04 ± 1.22E-05 7.95E-01 ± 3.45E-03 0.96 1 0.039 37 ± 0 29 ± 0 6.29 ± 0.08 6.37 
307-48 1.01 E-03 ± 8.46E-06 9.84E-03 ± 3.99E-04 3. 73E-04 ± 6.21 E-06 9.77E-01 ± 6.84E-03 0.970 0.030 60 ± 1 57 ± 1 6.29 ± 0.06 6.37 
307-79 1 .02E-03 ± 1 .22E-05 1.08E-02 ± 6.52E-04 4. 11 E-04 ± 1.48E-05 1 .00698 ± 1. 1 9E-02 0.962 O.Q38 77 ± 2 76 ± 2 6.29 ± 0.08 6.37 
307-52 1 .03E-03 ± 1 .33E-05 1.24E-02 ± S.98E-04 4.41 E-04 ± 1.60E-05 7.13E-01 ± 2.03E-02 0.949 0.051 30 ± 1 21 ± 1 6.29 ± 0.09 6.37 
307-23 1 .OOE-03 ± 1 .07E-05 9. 78E-03 ± 4.22E-04 3.36E-04 ± 6.65E-06 1.19S17 ± 4.95E-03 0.970 0.030 99 ± 1 115 ± 1 6.28 ± 0.07 6.36 
307--01 1. 1 ?E-03 ± 4.61 E-05 2.97E-02 ± S.27E-03 1.09E-03 ± 2.37E-04 6.67E-01 ± 4.29E-03 0.830 0.170 30 ± 1 20 ± 0 6.28 ± 0.39 6.35 
307-28 1 .03E-03 ± 1. 1 4E-05 1.31 E-02 ± 5.96E-04 4.63E-04 ± 1 .71 E-05 7.06E-01 ± 1 .45E-02 0.944 0.056 48 ± 1 33 ± 1 6.27 ± 0.08 6.35 
307-68 1.02E-03 ± 1. 12E-05 1. 1 6E-02 ± 6.68E-04 4.23E-04 ± 1.08E-05 8.72E-01 ± 9.56E-03 0.955 0.045 58 ± 1 49 ± 1 6.26 ± 0.08 6.34 
307-57 1.01 E-03 ± 1 .29E-05 1. 1 2E-02 ± 4.72E-04 4.12E-04 ±9.81E-06 7.79E-01 ± 5.14E-03 0.9S8 0.042 42 ± 0 32 ± 0 6.25 ± 0.08 6.32 
307--09 1.09E-03 ± 1.45E-05 2.06E-02 ± 8.20E-04 S.66E-04 ± 1 .49E-05 8.37E-01 ± 3.93E-03 0.888 0.11 2 49 ± 1 40 ± 1 6.22 ± 0.09 6.30 
307--05 1 .04E-03 ± 7 .84E-06 1.58E-02 ± 5.81 E-04 4.84E-04 ± 1 .02E-05 7.94E-01 ± 5. l OE-03 0.922 0.078 46 ± 0 35 ± 0 6.21 ± 0.06 6.29 
307-66 1 .02E-03 ± 1 .46E-05 1.3 1E-02 ±7.91 E-04 4.51 E-04 ± 1 .49E-05 7.93E-01 ± 2.49E-03 0.941 0.059 42 ± 0 32 ± 0 6.17 ± 0.10 6.25 
Appendix A3 A3-2 
Detrital zircon 238 U- 206 Pb laser-ablation ICP-MS age data 
Sample Z06pb I Z38tJ Z07pb I Z35tJ Z08pb I Z3ZTh Z3ZTh I Z38tJ f-206 f-207 u Th Z06pb/238u age Age* 
307-30 1.04E-03 ± 1.48E-05 1.54E-02 ± 8.64E-04 4.58E-04 ± 1.44E-05 9.09E-01 ± 5.04E-03 0.924 0.076 43 ± 0 38 ± 0 6.16 ± 0.10 6.24 
307-67 9.84E-04 ± 1.14E-05 1.01 E-02 ± 6.34E-04 4.21 E-04 ± 1. 79E-05 8.11 E-01 ± 1.53E-02 0.965 0.035 53 ± 2 42 ± 2 6.12 ± 0.08 6.20 
301-99 1.03E-03 ± 1.13E-05 1.49E-02 ± 7.46E-04 4.57E-04 ± 1.48E-05 8.76E-01 ± 9.46E-03 0.926 0.074 48 ± 0 41 ± 1 6.12±0.08 6.20 
301-100 9.87E-04 ± 1.69E-05 1.05E-02 ± 7.14E-04 3.91E-04±1.33E-05 9.64E-01 ± 2.07E-02 0.962 0.038 64 ± 1 61 ± 2 6.12 ± 0.11 6.20 
307-59 9.90E-04 ± 7.93E-06 1.08E-02 ± 4.1 OE-04 3.91E-04 ± 9.97E-06 6.78E-01 ± 9.82E-03 0.959 0.041 54 ± 0 36 ± 1 6.12 ±0.05 6.20 
307-60 9.67E-04 ± 1.01 E-05 8.23E-03 ± 3.28E-04 3.41 E-04 ± 6.07E-06 1.15689 ± 1.52E-02 0.981 0.019 76 ± 2 86 ± 2 6.11 ± 0.07 6.19 
307-62 1.01 E-03 ± 1.98E-05 1.40E-02 ± 4.27E-04 8.11 E-04 ± 2.60E-05 2.53E-01 ± 7.97E-03 0.933 0.067 135 ± 3 33 ± 1 6.06±0.12 6.14 
307-42 1.04E-03 ± 1.89E-05 1.76E-02 ± 1.06E-03 5.60E-04 ± 1.84E-05 6.83E-01 ± 3.61E-03 0.905 0.095 36 ± 0 24 ± 0 6.05±0.12 6.13 
307-78 1.01 E-03 ± 1.41 E-05 1.50E-02 ± 1.49E-03 4.39E-04 ± 3.24E-05 1.03321 ± 8.14E-03 0.925 0.075 70 ± 2 71 ± 2 6.05±0.12 6.12 
307-44 1.01 E-03 ± 2.21 E-05 1.40E-02 ± 9.53E-04 4.96E-04 ± 3.00E-05 8.29E-01 ± 5.94E-03 0.932 0.068 58 ± 1 47 ± 1 6.04±0.14 6.12 
301-86 9.70E-04 ± 1.39E-05 1.09E-02 ± 5.33E-04 4.11 E-04 ± 1.15E-05 5.78E-01 ± 3.0lE-03 0.957 0.043 41 ± 0 23 ± 0 5.98 ± 0.09 6.05 
307-53 9.92E-04 ± 1.43E-05 1.37E-02 ± 6.43E-04 4.96E-04 ± 1.65E-05 6.76E-01 ± 2.75E-03 0.934 0.066 37 ± 0 24 ± 0 5.97 ± 0.09 6.05 
307-35 9.73E-04 ± 1.07E-05 1.21 E-02 ± 5.25E-04 4.14E-04 ± 9.97E-06 9.21E-01 ± 9.77E-03 0.946 0.054 50 ± 1 45 ± 1 5.93 ± 0.07 6.01 
301-63 9.81 E-04 ± 1.20E-05 1.61 E-02 ± 8.11 E-04 5.49E-04 ± 1.34E-05 6.39E-01 ± 4.21E-03 0.910 0.090 42 ± 0 26 ± 0 5.76 ± 0.08 5.84 
307-77 9.20E-04 ± 1.79E-05 1.25E-02 ± 7.33E-04 4.35E-04 ± 2.39E-05 7.42E-01 ± 6.75E-03 0.935 0.065 47 ± 1 34 ± 0 5.55 ± 0.11 5.62 
301-73 8.40E-04 ± 8.83E-06 9.88E-03 ± 4.49E-04 3.51 E-04 ± 7 .95E-06 6.77E-01 ± 7.09E-03 0.952 0.048 53 ± 1 35 ± 1 5.15 ± 0.06 5.23 
301-48 9.63E-04 ± 1.48E-05 2.51 E-02 ± 1.22E-03 7.12E-04 ± 3.SlE-05 6.96E-01 ± 1.16E-02 0.824 0.176 47 ± 1 32 ± 1 5.11 ± 0.10 5.19 
301-101 8.73E-04 ± 3.06E-05 1.73E-02 ± 2.35E-03 6.77E-04 ± 1.16E-04 6.41E-01 ± 1.53E-02 0.880 0.120 39 ± 1 24 ± 1 4.95 ± 0.22 5.03 
301-39 7.94E-04 ± 1.40E-05 8. 7 4E-03 ± 5.20E-04 3.44E-04 ± 1.13E-05 6.14E-01 ± 7.68E-03 0.958 0.042 45 ± 1 27 ± 0 4.90 ± 0.09 4.98 
301-43 7 .83E-04 ± 9.83E-06 8.17E-03 ± 2.88E-04 3.90E-04 ± 8.51 E-06 4.00E-01 ± 3.22E-03 0.964 0.036 105 ± 4 41 ± 1 4.86 ± 0.06 4.94 
301-84 7 .91 E-04 ± 1.26E-05 1.23E-02 ± 8.01 E-04 4.08E-04 ± 1.75E-05 6.48E-01 ± 4.44E-03 0.918 0.082 49 ± 0 31 ± 0 4.68 ± 0.09 4.76 
301-69 7.08E-04 ± 6.31E-05 9.76E-02 ± 9.97E-03 1.84E-02 ± 1.36E-03 8.57E-02 ± 4.41E-03 - 1.183 307 ± 16 26 ± 2 4.56 ± 0.30 4.64 
301-104 7.54E-04 ± 9.37E-06 1.29E-02 ± 9.42E-04 4.43E-04 ± 1. 72E-05 6.1 lE-01 ± 3.78E-03 0.903 0.097 118 ± 1 70 ± 1 4.39 ± 0.08 4.47 
307--06 1.99E-03 ± 1.37E-04 1.60E-01 ± 1.70E-02 1.44E-02 ± 7 .68E-04 1.73E-01 ± 9.35E-03 0.339 0.661 91 ± 8 15 ± 2 4.35 ± 0.80 4.43 
301-19 6.81 E-04 ± 8.69E-06 8.23E-03 ± 4.65E-04 3.13E-04 ± 1.04E-05 7.09E-01 ± 1.12E-02 0.949 0.051 130 ± 2 90 ± 2 4.16 ± 0.06 4 .24 
301-22 6.05E-04 ± 1.05E-05 9.22E-03 ± 8.49E-04 3.27E-04 ± 2.05E-05 6.25E-01 ± 3.36E-03 0.921 0.079 50 ± 1 31 ± 1 3.59 ± 0.08 3.67 
301-16 5.94E-04 ± 1.25E-05 8.66E-03 ± 6.64E-04 2.87E-04 ± 1.52E-05 7.87E-01 ± 1.66E-02 0.927 0.073 51 ± 1 39 ± 1 3.55 ± 0.08 3.63 
301-91 5.94E-04 ± 9.45E-06 8.67E-03 ± 5.03E-04 2.91 E-04 ± 7.91 E-06 8.39E-01 ± 7.67E-03 0.926 0.074 69 ± 2 56 ± 2 3.54 ± 0.06 3.62 
301-98 5.87E-04 ± 1.57E-05 8.07E-03 ± 6.40E-04 2.13E-04 ± 1.01 E-05 9.46E-01 ± 7.42E-03 0.934 0.066 59 ± 1 54 ± 1 3.53 ± 0.10 3.61 
307-47 5.68E-04 ± 1.03E-05 6.73E-03 ± 5.65E-04 2.31E-04±1.14E-05 1.13211±3.27E-02 0.951 0.049 44 ± 2 48 ± 3 3.48 ± 0.07 3.56 
301-83 5.87E-04 ± 2.1 OE-05 1.01 E-02 ± 1.27E-03 3.18E-04 ± 2.75E-05 8.87E-01 ± 7.60E-03 0.903 0.097 73 ± 2 63 ± 2 3.41 ±0.14 3.49 
307-33 5.43E-04 ± 6.93E-06 7.59E-03 ± 4.64E-04 2.46E-04 ± 1.07E-05 8.87E-01 ± 1.60E-02 0.932 0.068 41 ± 1 35 ± 1 3.26 ± 0.05 3.34 
301-31 5.61 E-04 ± 9.1 5E-06 1.05E-02 ± 6.97E-04 2.93E-04 ± 1.37E-05 8.82E-01 ± 8.91E-03 0.890 0.110 49 ± 0 42 ± 1 3.21 ± 0.07 3.29 
301-59 5.39E-04 ± 6.30E-06 8.33E-03 ± 4.31 E-04 2.36E-04 ± 6.07E-06 9.63E-01 ± 2.89E-03 0.919 0.081 58 ± 0 54 ± 0 3.19 ±0.04 3.27 
301-85 5.69E-04 ± 1.08E-05 1.26E-02 ± 9.22E-04 3.61E-04±1.63E-05 7 .84E-01 ± 1.30E-02 0.858 0.142 36 ± 1 28 ± 1 3.15 ± 0.08 3.23 
301-87 5.07E-04 ± 7.48E-06 6.56E-03 ± 4.57E-04 2.28E-04 ± 8.45E-06 7.49E-O 1 ± 3.50E-03 0.941 0.059 41 ± 0 30 ± 0 3.08 ± 0.05 3.15 
301-96 5.06E-04 ± 6.65E-06 6. 72E-03 ± 3. 79E-04 2.18E-04 ± 6.41E-06 8.15E-01 ± 2.00E-02 0.938 0.062 53 ± 1 42 ± 1 3.06 ± 0.05 3.14 
301-55 5.53E-04 ± 9.22E-06 1.29E-02 ± 7 .19E-04 3.80E-04 ± 1.37E-05 7.02E-01 ± 1.06E-02 0.849 0.151 56 ± 3 38 ± 2 3.02 ± 0.06 3.10 
301-109 4.88E-04 ± 7 .51 E-06 5.29E-03 ± 3.75E-04 1.91E-04 ± 7.0lE-06 8.19E-01 ± 9.71E-03 0.960 0.040 98 ± 2 78 ± 2 3.02 ± 0.05 3.09 
301-21 4.88E-04 ± 6.46E-06 5.94E-03 ± 4.29E-04 2.16E-04 ± 7.31E-06 7.91 E-01 ± 3.98E-03 0.948 0.052 47 ± 0 36 ± 0 2.98 ± 0.05 3.06 
301-103 4.93E-04 ± 9.52E-06 6.55E-03 ± 7.70E-04 2.62E-04 ± 1.77E-05 7.09E-01 ± 5.72E-03 0.938 0.062 53 ± 0 36 ± 0 2.98 ± 0.07 3.06 
301-108 4.77E-04 ± 1.39E-05 5.97E-03 ± 5.80E-04 2.42E-04 ± 1.35E-05 5.73E-01 ± 3.0lE-03 0.945 0.055 42 ± 0 24 ± 0 2.90 ± 0.09 2.98 
301-20 5.05E-04 ± 7.60E-06 1.05E-02 ± 7.04E-04 4.24E-04 ± 2.20E-05 5.32E-01 ± 3.67E-03 0.870 0.130 76 ± 2 39 ± 1 2.83 ± 0.06 2.91 
301-60 4.76E-04 ± 9.26E-06 7 .20E-03 ± 4.46E-04 2.34E-04 ± 9.29E-06 8.96E-01 ± 6.84E-03 0.921 0.079 85 ± 3 74 ± 3 2.83 ± 0.06 2.90 
301-23 1.46E-03 ± 6.76E-05 1.25E-01 ± 6.69E-03 3.82E-03 ± 2.55E-04 5.73E-01 ± 5.56E-03 0.296 0.704 51 ± 0 28 ± 0 2.79 ± 0.24 2.86 
301-58 4. 76E-04 ± 9.26E-06 8.43E-03 ± 5.29E-04 2.27E-04 ± 7.82E-06 9.30E-01 ± 6.73E-03 0.898 0.102 52 ± 1 48 ± 1 2.76 ± 0.06 2.83 
301-36 4.53E-04 ± 3.11 E-06 6.00E-03 ± 3.06E-04 6.85E-04 ± 4.39E-05 1.05E-01 ± 2.20E-03 0.938 0.062 459 ± 4 47 ± 1 2.74 ± 0 .03 2.81 
301-72 4.48E-04 ± 8.73E-06 6.15E-03 ± 5.83E-04 2.25E-04 ± 1.21 E-05 7.79E-01 ± 6.08E-03 0.934 0.066 62 ± 1 47 ± 1 2.70 ± 0.06 2.77 
301-65 4.56E-04 ± 1.22E-05 8.64E-03 ± 8.12E-04 3.06E-04 ± 2.60E-05 6.19E-01 ± 7.37E-03 0.888 0.11 2 49 ± 1 30 ± 1 2.61 ± 0.08 2.69 
301-27 4.65E-04 ± 9.00E-06 9.67E-03 ± 5.36E-04 2.98E-04 ± 6.93E-06 6.80E-01 ± 3.50E-03 0.871 0.129 55 ± 1 36 ± 1 2.61 ± 0.06 2.69 
301-41 4.28E-04 ± 8.83E-06 5.85E-03 ± 4.44E-04 2.08E-04 ± 9.1 5E-06 9.31 E-01 ± 1.53E-02 0.935 0.065 110 ± 5 99 ± 5 2.58 ± 0.06 2.66 
301-88 4.05E-04 ± 5.53E-06 3.81 E-03 ± 1.84E-04 1.64E-04 ± 4.26E-06 5.51E-01 ± 4.47E-03 0.973 0.027 175 ± 6 94 ± 3 2.54 ± 0.04 2.62 
Appendix A3 A3-3 
Detrital zircon 238 U- 206 Pb laser-ablation ICP-MS age data 
Sample Z06pb I Z38tJ Z07pb I Z35lJ Z08pb/ mlh Z3Zlh I Z38tJ f-206 f-207 u Th ZOGpi,;Z38tJ age Age* 
301-68 3.75E-04 ± 5.47E-05 8.57E-02 ± 2.19E-02 6.74E-03 ± 4.27E-04 1.09E-01 ± 6.19E-03 - 1.989 335 ± 24 36 ± 3 2.42 ± 1.09 2.49 
301-107 3.03E-04 ± 7 .04E-06 4.89E-03 ± 4.43E-04 2.03E-04 ± 9.25E-06 4.04E-01 ± 1.99E-03 0.912 0.088 132 ± 2 52 ± 1 1.78 ± 0.05 1.86 
301-05 2.76E-04 ± 5.74E-06 4.86E-03 ± 2.76E-04 1.96E-04 ± 4.01 E-06 5.08E-01 ± 5.95E-03 0.899 0.101 181 ± 3 89 ± 2 1.60 ± 0.04 1.67 
301-38 2.20E-04 ± 4.62E-06 2.53E-03±1.71E-04 l.02E-04 ± 7 .13E-06 5.21E-01 ± 6.12E-03 0.954 0.046 380 ± 13 193 ± 7 1.35 ± 0.03 1.43 
301-02 3.82E-05 ± 2.17E-06 4.95E-03 ± 3.56E-04 2.49E-04 ± 1.46E-05 2.89E-01 ± 8.56E-04 - 1.101 148 ± 2 42 ± 1 0.25 ± O.Dl 0.31 
301-34 3.50E-05 ± 2.66E-06 4.23E-03 ± 4.57E-04 2.lOE-04±1.75E-05 3.04E-01 ± 7.53E-03 - 1.027 181 ± 2 54 ± 2 0.23 ± 0.02 0.29 
301-04 3.48E-05 ± 3.61 E-06 4.27E-03 ± 5.18E-04 2.48E-04 ± 3.01 E-05 2.85E-01 ± 2.88E-03 - 1.038 211 ± 5 59 ± 1 0.22 ± 0.02 0.29 
301-67 3.46E-05 ± 4.56E-06 4.70E-03 ± 9.44E-04 2.1 5E-04 ± 2. 76E-05 3.04E-01 ± 7.32E-03 - 1.157 143 ± 7 42 ± 2 0.22 ± 0.04 0.29 
301-32 3.36E-05 ± 2.80E-06 4.49E-03 ± 5.40E-04 1.64E-04 ± l .65E-05 3.53E-01 ± 2.26E-03 - 1.137 151 ± 3 52 ± 1 0.22 ± 0.02 0.28 
301-110 2. 71 E-05 ± 2.44E-06 3.44E-03 ± 4.82E-04 1.37E-04 ± 7.05E-06 3.59E-01 ± 4.64E-03 - 1.079 193 ± 2 68 ± 1 0.17 ± 0.02 0.23 
301-01 2.51 E-05 ± 1.30E-06 3.36E-03 ± 3.22E-04 2.06E-04 ± 8.75E-06 2.56E-01 ± 8.40E-04 - 1.141 143 ± 2 36 ± 1 0.16±0.02 0.22 
307-71 2.38E-05 ± 1.80E-06 2.98E-03 ± 7.49E-04 9.44E-05 ± 9.02E-06 2.96E-01 ± 3.19E-03 - 1.063 89 ± 2 26 ± 1 0.15 ± 0.04 0.21 
301-62 2.28E-05 ± 1.90E-06 3.27E-03 ± 4.90E-04 1.56E-04 ± 1.05E-OS 2.85E-01 ± 1.71 E-03 - 1.228 140 ± 4 39 ± 1 0.1s±0.02 0.20 
307-63 4.38E-05 ± 4.32E-06 2.68E-03 ± 3.51 E-04 9.85E-05 ± 9.65E-06 3.80E-01 ± l.08E-02 0.509 0.491 198 ± 6 73 ± 3 0.14 ± 0.02 0.20 
301-18 3.65E-05 ± 1.50E-06 1.83E-03 ± 1.41 E-04 8.06E-05 ± 4.86E-06 2.73E-01 ± 2.84E-03 0.609 0.391 347 ± 12 92 ± 3 0.14±0.01 0.20 
301-11 2.12E-05 ± 2.09E-06 2.57E-03 ± 3.68E-04 1.13E-04 ± 1.29E-05 2.85E-01 ± 2.34E-03 - 1.027 206 ± 6 57 ± 2 0.14 ±0.02 0.19 
301-51 1.96E-05 ± 1.67E-06 3.94E-03 ± 1.S4E-03 1.08E-04 ±7.81E-06 2.62E-01 ± 1.13E-03 - 1.764 178 ± 2 46 ± 1 0.13 ± 0.09 0.18 
301-03 1.63E-05 ± 1.11 E-06 1.98E-03 ± 2.40E-04 8.99E-05 ± 6.23E-06 2.79E-01 ± 2.03E-03 - 1.027 199 ± 6 S4 ± 2 0.11 ±0.01 0.16 
301-97 1.56E-05 ± 1.26E-06 2.27E-03 ± 2.72E-04 9.47E-OS ± 7.S4E-06 3.47E-01 ± 3.19E-03 - 1.243 201 ± 2 68 ± 1 0.10 ±0.01 0.15 
301-61 1.SSE-OS ± 1.06E-06 2.76E-03 ± 7.27E-04 7.76E-OS ± S.23E-06 3.17E-01 ± 6.66E-03 - 1.S40 203 ± 10 63 ± 3 0.10 ± 0.04 0.15 
301-94 1.S4E-05 ± 8.71 E-07 1.87E-03 ± l.4SE-04 8.08E-05 ± 5.34E-06 3.24E-01 ± 3.66E-03 - 1.033 287 ± 3 91 ± 1 0.10 ±0.01 0.15 
301-25 l.46E-05 ± 1.01 E-06 1.76E-03 ± l.84E-04 9.45E-05 ± 1.04E-05 2.89E-01 ± 8.31E-03 - 1.023 278 ± 12 78 ± 4 0.09 ± O.Dl 0.14 
301-81 1.42E-05 ± 1.94E-06 3.11 E-03 ± 8.22E-04 8.21 E-05 ± S.82E-06 2.61 E-01 ± 4.0SE-03 - 1.903 161 ± 2 41 ± 1 0.09 ± 0.04 0.14 
301-45 8.70E-05 ± 4.24E-06 8.92E-03 ± 5.32E-04 4.58E-04 ± 3.54E-05 3.36E-01 ± 9.12E-03 0.140 0.860 173 ± 5 57 ± 2 0.08 ± 0.02 0.13 
301-07 1.19E-OS ± 8.98E-07 1.80E-03 ± 3.85E-04 5.43E-OS ± 3.40E-06 3.88E-01 ± 4.28E-03 
-
1.297 223 ± 4 84 ± 2 0.08 ± 0.02 0.12 
301-71 9.84E-06 ± 7.30E-07 1.39E-03 ± 2. l 4E-04 4.S6E-05 ± 4.06E-06 3.39E-01 ± 4.75E-03 - 1.207 21S ± s 71 ± 2 0.06 ±0.01 0.11 
301-105 1.98E-05 ± 1.04E-06 1.47E-03 ± 1.91 E-04 7 .31 E-05 ± 4.97E-06 3.00E-01 ± 6.33E-03 0.393 0.607 265 ± 4 77 ± 2 0.05 ± 0.01 0 .09 
307-34 3. 73E-05 ± 4.1 OE-06 3.68E-03 ± 5.48E-04 1.91 E-04 ± 1.82E-05 2.74E-01 ± 7.29E-03 0.174 0.826 145 ± 9 39 ± 2 0.04 ± 0.02 0.08 
301-54 2.31E-05 ± 2.18E-06 2.24E-03 ± 2.63E-04 1.14E-04 ± 1.35E-OS 3.39E-01 ± 9.83E-03 0 .193 0.807 303 ± 8 100 ± 4 0.03 ± 0.01 0.06 
301-29 2.50E-05 ± l.36E-06 2.55E-03 ± 2.75E-04 1.41 E-04 ± l.02E-OS 2.62E-01 ± l.30E-03 0.145 0.855 1S4 ± 1 39 ± 0 0.02 ± O.Dl 0.05 
307-49 5.73E-05 ± 5.61E-06 6.47E-03 ± 1.27E-03 2.65E-04 ± 2.52E-05 4.49E-01 ± 3.95E-03 0.046 0.954 42 ± 0 18 ± 0 0.02 ± 0.06 0.04 
301-06 l.54E-05 ± 1.14E-06 1.60E-03 ± 1.63E-04 4.61 E-05 ± 4.30E-06 4.91 E-01 ± 1.04E-02 0.129 0.871 333 ± 4 159 ± 4 0.01 ± O.Dl 0.03 
301-33 l .36E-05 ± 9.08E-07 1.41 E-03 ± 1.84E-04 7.13E-05 ±8.79E-06 3.28E-01 ± 7.44E-03 0.131 0.869 248 ± 5 79 ± 2 0.01 ± 0.01 0.03 
301-57 3.00E-OS ± 1.84E-06 3.36E-03 ± 4.0GE-04 1.1 SE-04 ± 5.99E-06 3.91 E-01 ± S.87E-03 - 0.944 188 ± 6 72 ± 2 0.01 ± 0.02 0.03 
301-10 2.30E-05 ± 2.41 E-06 2.59E-03 ± 3.29E-04 1.44E-04 ± l.95E-05 2.73E-01 ± 2.S9E-03 0.052 0.948 237 ± 3 63 ± 1 0.01 ± 0.01 0.02 
301-28 2.19E-OS ± l.S8E-06 2.47E-03 ± 2.51E-04 l.OSE-04 ± 9.11 E-06 3.42E-01 ± 8.20E-03 0.048 0.952 174 ± 7 S8 ± 3 0.01 ± 0.01 0 .02 
301-75 S.83E-OS ± S.88E-06 6.79E-03 ± 8.36E-04 3.31 E-04 ± 3.46E-OS 2.88E-01 ± 3.04E-03 - 0.98S 171 ± 4 48 ± 1 O.Dl ± 0.03 0 .02 
301-17 2.47E-05 ± 1.35E-06 2.85E-03 ± 2.93E-04 1.44E-04 ± 1.11 E-OS 3.36E-01 ± 1.00E-02 0.026 0.974 169 ± 10 SS ± 4 0.00 ± 0.01 0.01 
301-95 3.94E-OS ± 4.1 7E-06 4.60E-03 ± 8.02E-04 2.33E-04 ± 2.78E-OS 2.66E-01 ± 5.56E-03 0.011 0.989 93 ± 4 24 ± 1 0.00 ± 0.04 0.01 
301-66 1.70E-05±1.13E-06 l .98E-03 ± 4.08E-04 1.01 E-04 ± 5.17E-06 2.77E-01 ± l.93E-03 - 0.988 166 ± 2 4S ± 1 0.00 ± 0.02 0.00 
301-09 3.20E-05 ± l .44E-06 3.78E-03 ± 2.94E-04 1.73E-04 ± 6.23E-06 3.68E-01 ± 2.41 E-03 0.002 0.998 145 ± 2 S2 ± 1 0.00 ± 0.01 0.00 

Appendix A4 A4-1 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample Z06pb I z38u 207Pb I Z35tJ Z08pb I 232Th z3zTh I z38u f-206 f-207 u Th 206Pb/z38u age Age* 
026-01 9.86E-04 ± 1.22E-OS 9.37E-03 ± S.42E-04 3.49E-04 ± 1.21 E-OS 8.1 SE-01 ± 2.S2E-03 0.972 0.028 29 ± 0 23 ± 0 6.18 ± 0.08 6.25 
026-02 9.62E-04 ± 9.64E-06 7 .81 E-03 ± 4.4SE-04 3.84E-04 ± 1.2SE-OS 6.74E-01 ± 6.01 E-03 0.984 0.016 26 ± 0 17 ± 0 6.10 ± 0.07 6.18 
026-03 9.62E-04 ± 1.60E-OS 1.01 E-02 ± 6.48E-04 3.8SE-04 ± 1.2SE-OS 7.87E-01 ± 6.33E-03 0.963 0.030 2S ± 0 19 ± 0 S.97 ± 0.11 6.05 
026-04 9.30E-04 ± 1.0SE-OS 9.07E-03 ± 4.47E-04 4.16E-04 ± 1.48E-OS 6.30E-01 ± 3.27E-03 0.970 0.037 32 ± 0 20 ± 0 S.81 ± 0.07 5.89 
026-05 9.S4E-04 ± 9.86E-06 1 .OOE-02 ± 4.S6E-04 3.71 E-04 ± 9.68E-06 8.48E-01 ± 3.36E-03 0.963 0.030 31 ± 1 26 ± 0 S.92 ± 0.07 6.00 
026-06 9.66E-04 ± 1.18E-OS 9.42E-03 ± 6.SlE-04 3.80E-04 ± 1.1 SE-OS 8.42E-01 ± 3.76E-03 0.970 O.D38 44 ± 1 36 ± 1 6.04 ± 0.08 6.12 
026-07 9.72E-04 ± l .34E-OS 1.03E-02 ± 6.94E-04 3.92E-04 ± 1 .36E-OS 7.S6E-01 ± 3.16E-03 0.962 0.033 37 ± 0 27 ± 0 6.03 ± 0.09 6.11 
026-08 9.20E-04 ± 1.19E-OS 9.23E-03 ± S.28E-04 3.43E-04 ± 9.72E-06 9.34E-01 ± 3.03E-03 0.967 0.442 42 ± 0 38 ± 0 S.74 ± 0.08 ---
026-09 1.63E-03 ± 2.Sl E-OS 9.12E-02 ± 2.7SE-03 2.64E-03 ± 7 .94E-OS 6.60E-01 ± 4.69E-03 O.SS8 0.076 S6 ± 1 36 ± 1 S.87 ± 0.16 5.95 
026-10 1.00E-03 ± 1 .40E-OS 1.48E-02 ± 7.21 E-04 S.1lE-04±1.91E-OS 6.22E-01 ± 3.77E-03 0.924 0.04S 31 ± 1 19 ± 0 S.96 ± 0.09 6.04 
026-11 9.60E-04 ± l.44E-OS l.09E-02 ± 7.13E-04 4.04E-04 ± 1.36E-OS 7.1 2E-01 ± 3.80E-03 0.9SS 0.026 44 ± 0 30 ± 0 S.91 ± 0.10 5.99 
026-12 9.S3E-04 ± l.14E-OS 8.8SE-03 ± S.11 E-04 3.81 E-04 ± 1.31 E-OS 6.SlE-01 ± 3.02E-03 0.974 0.021 so ± 0 32 ± 0 S.98 ± 0.08 6.06 
026-13 9.7SE-04 ± l.31E-OS 8.47E-03 ± S.06E-04 3.60E-04 ± 9.49E-06 7.36E-01 ± 9.79E-03 0.979 0.024 S8 ± 0 41 ± 1 6.lS ± 0.09 6.23 
026-14 9.SOE-04 ± 1.1 SE-OS 8.61 E-03 ± 4.3SE-04 3.SlE-04 ± 9.2SE-06 9.71E-01 ± 3.9SE-03 0.976 0.023 60 ± 0 S7 ± 0 S.97 ± 0.08 6.05 
026-15 9.4SE-04 ± 1.S6E-OS 8.4SE-03 ± 6.07E-04 3. 77E-04 ± 1.18E-OS 8.47E-01 ± S.60E-03 0.977 0.013 47 ± 0 39 ± 0 S.9S ± 0.10 6.03 
026-16 9.93E-04 ± 1 .32E-OS 7.80E-03 ± 4.7SE-04 3.S3E-04 ± 1 .S4E-OS 6.70E-01 ± 2.27E-03 0.987 0.028 90 ± 1 S9 ± 1 6.32 ± 0.09 --
026-17 9.38E-04 ± l.03E-OS 8.91 E-03 ± 4.S9E-04 3. 7 4E-04 ± 9.27E-06 7.84E-01 ± 4.16E-03 0.972 0.043 67 ± 1 Sl ± 1 S.87 ± 0.07 5.95 
026-19 9.92E-04±1 .71E-OS 1.1 OE-02 ± 7.77E-04 4.44E-04 ± 3.22E-OS 7.66E-01 ± 9.86E-03 0.9S7 0.030 74 ± 2 SS ± 2 6.12 ± 0.11 6.20 
026-20 9.S3E-04 ± 1 .12E-OS 9.23E-03 ± 4.SOE-04 3.34E-04 ± 6.92E-06 1.14734 ± 1.98E-02 0.970 0.039 97 ± 2 108 ± 3 S.96 ± 0.07 6.03 
026-21 9.38E-04 ± 2.11 E-OS l.OOE-02 ± 1.01 E-03 3.7SE-04±1.14E-OS 8.0SE-01 ± 6.03E-03 0.961 0.029 106 ± 2 83 ± 2 S.81 ± 0.14 5.89 
026-22 9.40E-04 ± 2.27E-OS 9.07E-03 ± 9.49E-04 4.04E-04 ± 2.81 E-OS 6.37E-01 ± 2.97E-03 0.971 0.023 80 ± 1 so ± 1 S.88 ± 0.1 S 5.96 
026-23 9.S4E-04 ± 1.11 E-OS 8.S3E-03 ± 4.24E-04 3.S7E-04 ± 8.88E-06 9.8SE-01 ± 8.24E-03 0.977 0.031 88 ± 2 84 ± 2 6.01 ± 0.07 6.09 
026-25 9. 7 4E-04 ± l.08E-OS 9.SSE-03 ± S.74E-04 3.S2E-04 ± 9.07E-06 9.90E-01 ± 3.S6E-03 0.969 0.048 61 ± 1 S9 ± 1 6.08 ± 0.07 6.16 
026-26 9.86E-04 ± 1.33E-OS l.16E-02 ± 8. 77E-04 4.39E-04 ± 1.70E-OS 7.26E-01 ± S.44E-03 0.9S2 0.02S S8 ± 1 41 ± 1 6.04 ± 0.10 6.12 
026-27 9.S6E-04 ± l.22E-OS 8. 71 E-03 ± S.22E-04 3.S 1 E-04 ± 9.3SE-06 9.84E-01 ± 8.30E-03 0.97S 0.020 79 ± 1 76 ± 1 6.01 ± 0.08 6.09 
026-28 9.38E-04 ± 9.30E-06 8.08E-03 ± 4.24E-04 3.48E-04 ± 9.66E-06 8.48E-01 ± 2.37E-03 0.980 0.020 98 ± 0 81 ± 0 S.93 ± 0.06 6.00 
026-29 1.01 E-03 ± 1.3SE-OS 8.63E-03 ± 6.89E-04 3.61 E-04 ± 1.2SE-OS 7.8SE-01 ± 6.S7E-03 0.980 0.037 76 ± 1 S8 ± 1 6.37 ± 0.09 --
026-30 9.S3E-04 ± l.86E-OS 9.69E-03 ± 9.?0E-04 3.64E-04 ± 1. 72E-OS 9.60E-01 ± l.13E-02 0.966 0.034 89 ± 2 83 ± 2 S.93 ± 0.13 6.01 
026-32 9. 17E-04 ± 1.02E-OS l.06E-02 ± S.62E-04 4. 1 3E-04 ± 1 .23E-OS 7.42E-01 ± 3.49E-03 0.9S4 0.046 89 ± 1 64 ± 0 S.64 ± 0.07 ---
206-01 4.81E-04 ± l.22E-OS 6.S?E-03 ± 6.38E-04 2.24E-04 ± l.SSE-OS S.90E-01 ± 3.64E-03 0.93S 0.06S 26 ± 0 lS ± 0 2.89 ± 0.08 2.97 
206-02 4.96E-04 ± 1.01 E-OS 6.29E-03 ± 7 .1 SE-04 2.04E-04 ± l.2SE-OS 6.S8E-01 ± 1.09E-02 0.943 O.OS7 26 ± 0 17 ± 0 3.01 ± 0.07 3.09 
206-03 4. 79E-04 ± 7 .S6E-06 6.3SE-03 ± 4.SSE-04 1.94E-04 ± 7 .S2E-06 8.48E-01 ± 4.09E-03 0.938 0.062 29 ± 0 24 ± 0 2.90 ± o.os 2.98 
206-04 S.OOE-04 ± l.12E-OS 8.63E-03 ± 7.S7E-04 2.30E-04 ± 1.1 OE-OS 7.13E-01 ± 3.3SE-03 0.902 0.098 22 ± 0 16 ± 0 2.91 ± 0.08 2.99 
206-05 S.08E-04 ± 6.1 OE-06 4.41E-03 ± 3.41E-04 1.71E-04 ± S.29E-06 9.0SE-01 ± 3.66E-03 0.979 0.021 S6 ± 1 so ± 1 3.21 ± 0.04 --
206-06 S.21 E-04 ± l.04E-OS 9. 1 1 E-03 ± 6.94E-04 2.21 E-04 ± 1.1 SE-OS 7.38E-01 ± 3.18E-03 0.900 0.100 23 ± 0 16 ± 0 3.02 ± 0.07 3.10 
206-07 S.11 E-04 ± 9.97E-06 6.24E-03 ± S.44E-04 2.38E-04 ± l.l 3E-OS 7.48E-01 ± 3.90E-03 0.948 0.0S2 29 ± 0 21 ± 0 3.12 ± 0.07 3.20 
206-08 S.1 SE-04 ± l.20E-OS 6.33E-03 ± 7 .16E-04 2.43E-04 ± 1.39E-OS 6.83E-01 ± 2.87E-03 0.947 O.OS3 2S ± 0 17 ± 0 3.1 S ± 0.08 3.22 
206-09 4. 78E-04 ± 9. l?E-06 S.63E-03 ± 4.69E-04 1.8SE-04 ± 8.89E-06 8.09E-O 1 ± 4.68E-03 0.9S2 0.048 33 ± 0 26 ± 0 2.93 ± 0.06 3.01 
206-10 S.02E-04 ± 7 .80E-06 4.87E-03 ± 4.27E-04 1. 79E-04 ± 8.4SE-06 9.68E-01 ± 1 .24E-02 0.970 0.030 47 ± 2 44 ± 2 3.14 ± 0.05 --
206-11 S.17E-04 ± 1. ?OE-OS l.23E-02 ± l.06E-03 3.09E-04 ± 2.19E-OS 7.99E-01 ± 9.40E-03 0.844 0.1S6 43 ± 0 34 ± 1 2.81 ± 0.1 1 2.89 
206-12 S. l?E-04 ± 9.01 E-06 9.6SE-03 ± S.97E-04 2.34E-04 ± 1.18E-OS 7.S2E-01 ± 3.69E-03 0.890 0.110 30 ± 0 22 ± 0 2.97 ± 0.06 3.04 
206-13 4. 73E-04 ± 8.1 SE-06 6.84E-03 ± 4.99E-04 l.84E-04 ± 7 .91 E-06 9.06E-01 ± S.S2E-03 0.928 0.072 3S ± 0 31 ± 0 2.83 ± 0.06 2.91 
206-14 S.16E-04 ± 9.S3E-06 9.19E-03 ±7.83E-04 2.92E-04 ± 1.33E-OS 6.61 E-01 ± S.29E-03 0.898 0.102 30 ± 1 19 ± 1 2.99 ± 0.07 3.06 
206-15 S.04E-04 ± 1.11 E-OS 6.42E-03 ± S.73E-04 2.19E-04 ± 9.70E-06 6.88E-01 ± 3.00E-03 0.943 O.OS7 29 ± 0 19 ± 0 3.06 ± 0.07 3.14 
206-16 S.28E-04 ± 2.S3E-OS 6.33E-03 ± 8.39E-04 2.19E-04 ± 2.34E-OS S.70E-01 ± 4.36E-03 0.9SO o.oso 36 ± 0 20 ± 0 3.23 ± 0.16 3.31 
206-17 S.SOE-04 ± l.7SE-OS 1 .04E-02 ± l .09E-03 3.SlE-04 ± 4.00E-OS S.34E-01 ± S.96E-03 0.888 0.112 29 ± 1 lS ± 0 3.1 S ± 0.12 3.22 
206-18 5.88E-04 ± l.23E-05 9.56E-03 ± 6.S2E-04 2.80E-04 ± 1.22E-05 7.89E-01 ± 2.37E-02 0.912 0.088 51 ± 2 39 ± 2 3.46 ± 0.08 ---
206-19 S.22E-04 ± 1.03E-OS 8.63E-03 ± 7.Sl E-04 2.06E-04 ± l.08E-OS 6.S8E-01 ± 7.89E-03 0.909 0.091 38 ± 1 24 ± 1 3.06 ± 0.07 3.13 
206-20 S.41 E-04 ± 2.SSE-OS 1.41 E-02 ± 2.08E-03 4.19E-04 ± 4.31 E-OS S.92E-01 ± 7.48E-03 0.824 0.176 23 ± 0 13 ± 0 2.88 ± 0.18 2.95 
206-21 4.83E-04 ± 1.S4E-OS 7.1lE-03±9.47E-04 l.99E-04 ± l.80E-OS 8.84E-01 ± 6.03E-03 0.92S 0.07S S3 ± 0 46 ± 0 2.88 ± 0.11 2.96 
206-22 S.1 OE-04 ± l.13E-OS 7.76E-03 ± S.63E-04 2.4SE-04 ± l.07E-OS 7.48E-01 ± 6.37E-03 0.921 0.079 47 ± 0 34 ± 0 3.03 ± 0.07 3.10 
206-23 4.74E-04 ± 8.4SE-06 6. l 9E-03 ± 4.6SE-04 1.68E-04 ± 8.30E-06 9.62E-01 ± 4.80E-03 0.940 0.060 S2 ± 0 49 ± 0 2.87 ± 0.06 2.95 
Appendix A4 A4-2 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample Z06Pb I Z381.J Z07Pb I Z35tJ Z08pb / Z3ZTh Z3ZTh I 2381.J f-206 f -207 u Th Z06p b/Z381.J age Age* 
206-25 4.66E-04 ± 1.08E-05 5.69E-03 ± 6.07E-04 2. l?E-04 ± 1.30E-05 6.52E-01 ± 4.29E-03 0 .948 0.052 45 ± 0 29 ± 0 2.85 ± 0.07 2.93 
206-26 5.02E-04 ± 8.47E-06 6.73E-03 ± 5.92E-04 2.18E-04 ± 9.96E-06 7.77E-01 ± 1.07E-02 0.937 0.063 56 ± 1 43 ± 1 3.03 ± 0.06 3.11 
206-27 5.11 E-04 ± l .OOE-05 6.18E-03 ± 4.48E-04 1 .93E-04 ± 8.07E-06 9.24E-01 ± 1.04E-02 0.949 0.051 81 ± 2 73 ± 2 3.12 ± 0.07 3.20 
206-28 4.84E-04 ± 7 .58E-06 6.52E-03 ± 7 .19E-04 1.86E-04 ± 6.86E-06 8.47E-01 ± 6.06E-03 0.936 0.064 73 ± 0 60 ± 1 2.92 ± 0.06 3.00 
206-29 4.89E-04 ± 1.21 E-05 9.37E-03 ± 9.76E-04 2.70E-04 ± 1.21 E-05 6.15E-01 ± 2.58E-03 0.885 0.11 5 59 ± 1 35 ± 0 2.79 ± 0.09 2.87 
206-30 4.52E-04 ± 1.02E-05 7.20E-03 ± 7.27E-04 2.65E-04 ± 1.17E-05 7.52E-Ol ± 3.44E-03 0.915 0.085 48 ± 0 35 ± 0 2.67 ± 0.07 ---
206-31 5.08E-04 ± 1.43E-05 7 .58E-03 ± 6.30E-04 2.43E-04 ± l .37E-05 7.14E-01 ± 5.25E-03 0.923 0.077 71 ± 1 49 ± 1 3.03 ± 0.09 3.10 
206-32 4.97E-04 ± 1.08E-05 7.44E-03 ± 5.36E-04 2.20E-04 ± 9.29E-06 9.78E-01 ± 5.08E-03 0.923 0.077 82 ± 0 78 ± 1 2.96 ± 0.07 3.03 
206-33 5.52E-04 ± 1.95E-05 1.62E-02 ± 1.33E-03 4.58E-04 ± 2.47E-05 8.21 E-01 ± 5.43E-03 0.793 0.207 76 ± 0 61 ± 1 2.82 ± 0. 12 2.90 
206-34 4. 76E-04 ± 1.07E-05 6.38E-03 ± 5.94E-04 1.81 E-04 ± 8.85E-06 8.64E-01 ± 3.32E-03 0.937 0.063 63 ± 0 53 ± 0 2.87 ± 0.07 2.95 
207-01 1.05E-03 ± 1.22E-05 8.06E-03 ± 4.34E-04 3.49E-04 ± 9.94E-06 8.58E-01 ± 7.63E-03 0.988 0.012 27 ± 1 23 ± 1 6.66 ± 0.08 6.74 
207-02 1.04E-03 ± 1.28E-05 1.01 E-02 ± 5.92E-04 3.64E-04 ± 1.14E-05 7.56E-01 ± 3.81E-03 0.970 0.030 30 ± 0 22 ± 0 6.53 ± 0.09 6.60 
207-03 1.03E-03 ± 1.22E-05 8.54E-03 ± 6.07E-04 3.38E-04 ± 9.01 E-06 9.24E-01 ± 3.36E-03 0.983 0.017 30 ± 0 27 ± 0 6.51 ± 0.08 6.59 
207-04 1.04E-03 ± 1.97E-05 1.27E-02 ± 8.61 E-04 4.83E-04 ± 1.68E-05 7.67E-01 ± 4.39E-03 0.948 0.052 33 ± 0 24 ± 0 6.33 ± 0.1 3 6.41 
207-05 1.05E-03 ± 1.09E-05 1.14E-02 ± 2.03E-03 3.49E-04 ± 7.17E-06 9.73E-01 ± 5.28E-03 0.960 0.040 43 ± 1 41 ± 1 6.52 ± 0. 13 6.60 
207-06 1.05E-03 ± 1.64E-05 8.50E-03 ± 6.56E-04 3.56E-04 ± 9.52E-06 1.00795 ± 4.89E-03 0.984 0.016 37 ± 0 36 ± 0 6.64 ± 0.11 6.72 
207-07 1.05E-03 ± 1.35E-05 1.05E-02 ± 5.35E-04 3.98E-04 ± 1.28E-05 7.49E-01 ± 3.41E-03 0.968 0.032 26 ± 0 19 ± 0 6.55 ± 0.09 6.63 
207-08 1.02E-03 ± 1.1 5E-05 1.12E-02 ± 5.44E-04 3. 7 4E-04 ± 1.04E-05 8.69E-01 ± 6.89E-03 0.959 0.041 32 ± 0 27 ± 0 6.30 ± 0.08 6.38 
207-09 1.06E-03 ± 1.76E-05 1.01 E-02 ± 6.18E-04 3.55E-04 ± 1.21 E-05 6.67E-01 ± 2.35E-03 0.972 0.028 26 ± 0 17 ± 0 6.66±0.12 6.74 
207-10 1.05E-03 ± 1.32E-05 1.03E-02 ± 5.17E-04 3.67E-04 ± 8.40E-06 9.98E-01 ± 4.49E-03 0.969 0.031 39 ± 0 38 ± 0 6.54 ± 0.09 6.61 
207-11 1.06E-03 ± 1.20E-05 9.59E-03 ± 4.97E-04 3. 71 E-04 ± 1.06E-05 6.39E-01 ± 1.00E-02 0.976 0.024 29 ± 1 18 ± 0 6.67 ± 0.08 6.75 
207-12 1.04E-03 ± 1.1 OE-05 1.07E-02 ± 5.79E-04 3.95E-04 ± 1.16E-05 7.76E-01 ± 1.17E-02 0.965 0.035 35 ± 0 26 ± 1 6.46 ± 0.08 6.54 
207-1 3 1.05E-03±1.61E-05 1.19E-02 ± 6.11 E-04 4.38E-04 ± 1.31 E-05 7.68E-01 ± 4.22E-03 0.956 0.044 45 ± 0 34 ± 0 6.47 ±0.10 6.54 
207-14 1.07E-03 ± 8. 78E-06 1.1 5E-02 ± 5.98E-04 3.99E-04 ± 7.72E-06 7.72E-01 ± 2.67E-03 0.960 0.040 41 ± 0 31 ± 0 6.60 ± 0.06 6.68 
207-1 5 1.05E-03 ± 1.12E-05 8.66E-03 ± 4.70E-04 3.63E-04 ± 7 .81 E-06 8.56E-01 ± 6.17E-03 0.983 0.017 45 ± 1 37 ± 1 6.63 ± 0.08 6.71 
207-16 1.04E-03 ± 1.05E-05 1.22E-02 ± 6.00E-04 4.01 E-04 ± 1.40E-05 7.95E-01 ± 2.81E-03 0.952 0.048 41 ± 0 32 ± 0 6.40 ± 0.07 6.48 
207-19 1.1 5E-03 ± 2.52E-05 2.56E-02 ± 2.36E-03 9.56E-04 ± 1.50E-04 7 .04E-01 ± 2.99E-03 0.8 58 0.142 44 ± 1 30 ± 0 6.35 ± 0. 19 6.43 
207-20 1.03E-03 ± 1.03E-05 1 .08E-02 ± 4.99E-04 3.79E-04 ± 1.24E-05 1.10572 ± 5.41 E-03 0.963 0.037 97 ± 1 104 ± 1 6.40 ± 0.07 6.48 
207-21 1.05E-03 ± 2.0 1 E-05 1.34E-02 ± 1.16E-03 4.37E-04 ± 2.00E-05 8.91 E-01 ± 8.06E-03 0.943 0.057 59 ± 2 52 ± 1 6.40 ± 0. 14 6.48 
207-22 1.04E-03 ± 1.41 E-05 1 .04E-02 ± 8.03E-04 4.07E-04 ± 1 .53E-05 6.84E-01 ± 3.56E-03 0.967 0.033 43 ± 0 29 ± 0 6.47 ±0.10 6.55 
207-23 1.00E-03 ± 7.97E-06 7 .80E-03 ± 3.87E-04 3.14E-04 ± 4.90E-06 1.08327 ± 2.17E-02 0.987 0.013 95 ± 1 100 ± 2 6.37 ± 0.06 6.45 
207-24 1.25E-03 ± 2.79E-05 3.06E-02 ± 1.94E-03 8.23E-04 ± 3.38E-05 8.39E-O l ± 3.36E-03 0.837 0.163 44 ± 0 36 ± 0 6.72 ±0.18 6.80 
207-25 1.07E-03 ± 2.26E-05 1.94E-02 ± 1.35E-03 2.63E-03 ± 2.14E-03 9.17E-01 ± 9.54E-03 0.895 0.105 67 ± 1 60 ± 1 6.18 ± 0.15 6.26 
207-26 1.03E-03 ± 2.14E-05 9.03E-03 ± 6.63E-04 3.46E-04 ± 1.15E-05 8.0 lE-01 ± 8.89E-03 0.978 0.022 67 ± 1 52 ± 1 6.46 ± 0.14 6.54 
207-27 1.04E-03 ± 2.11 E-05 1.25E-02 ± 9.25E-04 3.90E-04 ± 1.92E-05 9.26E-01 ± 4.97E-03 0.949 0.051 64 ± 1 58 ± 1 6.35 ± 0.1 4 6.42 
207-28 1.04E-03 ± 1.29E-05 8.35E-03 ± 3.84E-04 3.26E-04 ± 8.11 E-06 7.72E-01 ± 5.96E-03 0.985 0.015 82 ± 1 61 ± 1 6.57 ± 0.08 6.65 
207-29 1.1 OE-03 ± 1.86E-05 1.49E-02 ± 1.23E-03 4.05E-04 ± 1.60E-05 8.76E-01 ± 1.08E-02 0.936 0.064 60 ± 1 52 ± 1 6.64 ± 0.13 6.72 
207-30 1.17E-03 ± 1.81 E-05 3.06E-02 ± 2.64E-03 1.05E-03 ± 3.33E-04 5.79E-01 ± 5.35E-03 0.824 0.176 94 ± 3 53 ± 2 6.23 ± 0.18 6.31 
207-31 1.00E-03 ± 1.21 E-05 8.08E-03 ± 3.83E-04 3.03E-04 ± 4.93E-06 1.14866 ± 5.87E-03 0.985 O.D15 135 ± 2 152 ± 3 6.36 ± 0.08 6.43 
207-32 1.05E-03 ± 3.1 8E-05 1.42E-02 ± 1.1 OE-03 4.25E-04 ± 2.48E-05 1.13565 ± 9.26E-03 0.936 0.064 11 8 ± 1 131 ± 2 6.33 ± 0.20 6.41 
207-33 1.01 E-03 ± 1.29E-05 1.l?E-02 ± 6.74E-04 3.77E-04 ± 1.32E-05 7.59E-01 ± 3.58E-03 0.953 0.047 66 ± 0 49 ± 0 6.22 ± 0.09 ---
207-34 1.02E-03 ± 1 .03E-05 1. l 2E-02 ± 5.73E-04 4.19E-04 ± 1.54E-05 7 .83E-01 ± 1.11 E-02 0.958 0.042 85 ± 2 65 ± 2 6.30 ± 0.07 6.38 
212-01 6.05E-04 ± 8. 7 4E-06 6.62E-03 ± 4.98E-04 2.37E-04 ± 7.83E-06 6.09E-01 ± 9.88E-03 0.959 0.041 23 ± 0 13 ± 0 3.74 ± 0.06 3.81 
212-02 5.79E-04 ± 6.06E-06 4.64E-03 ± 2.23E-04 1.98E-04 ± 4.98E-06 9.73E-01 ± 1.08E-02 0.985 O.Dl 5 48 ± 2 46 ± 2 3.68 ± 0.04 3.76 
21 2-03 5.84E-04 ± 7 .20E-06 6.01 E-03 ± 5.70E-04 2.30E-04 ± 1.23E-05 7.41 E-01 ± 1.02E-02 0.965 0.035 33 ± 1 24 ± 1 3.63 ± 0.06 3.71 
212-04 6.38E-04 ± 1.56E-05 1.09E-02 ± 1.00E-03 3.48E-04 ± 2.74E-05 5.0lE-01 ± 3.47E-03 0.904 0.096 20 ± 0 10 ± 0 3.72±0.11 3.80 
212-05 7.43E-04 ± 2.12E-05 2.57E-02 ± 2.44E-03 5.69E-04 ± 4.72E-05 6.78E-01 ± 5.63E-03 0.748 0.252 22 ± 0 15 ± 0 3.58 ± 0.17 3.66 
212-07 5.87E-04 ± 8.44E-06 7 .05E-03 ± 4.18E-04 2.50E-04 ± 1.03E-05 5.52E-01 ± 2.63E-03 0.949 0.05 1 31 ± 0 17 ± 0 3.59 ± 0.06 3.67 
212-08 6.09E-04 ± 9.56E-06 6.02E-03 ± 4.46E-04 2.17E-04 ± 7 .23E-06 8.04E-01 ± 5. ll E-03 0.968 0.032 35 ± 0 27 ± 0 3.80 ± 0.06 3.88 
212-09 5.95E-04 ± 9.00E-06 4.82E-03 ± 3.83E-04 1.99E-04 ± 5.95E-06 8.76E-01 ± 7.88E-03 0.984 O.D16 52 ± 1 45 ± 1 3.77 ± 0.06 3.85 
212-1 0 6. l?E-04 ± 8. l?E-06 9.06E-03 ± 5.1 7E-04 2.99E-04 ± 1.18E-05 6.64E-01 ± 8.81 E-03 0.925 0.075 30 ± 0 19 ± 0 3.68 ± 0.06 3.75 
212-1 1 6.28E-04 ± 8.25E-06 9.25E-03 ± 6.31E-04 2.83E-04 ± 1 .46E-05 7.53E-01 ± 6.37E-03 0.925 0.075 35 ± 1 26 ± 0 3.74 ± 0.06 3.82 
Appendix A4 A4-3 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample 206Pb I 238u 201Pb I 235tJ 2011pb I 232Th 232Th I 238tJ f-206 f-207 u Th 206pb/238tJ age Age* 
212-12 5.88E-04 ± 8.58E-06 6.72E-03 ± 4.26E-04 2.39E-04 ± 7.47E-06 6. l 6E-01 ± 3.96E-03 0.955 0.045 43 ± 0 26 ± 0 3.62 ± 0.06 3.70 
212-13 5.78E-04 ± 9.11 E-06 5.91 E--03 ± 5.67E-04 2.30E-04 ± l.06E-05 6.50E-01 ± 3.97E-03 0.965 0.035 35 ± 0 22 ± 0 3.60 ± 0.07 3.67 
212-14 6.07E-04 ± l .04E-05 8.26E-03 ± 6. l 7E-04 3. 70E-04 ± 8. l 8E-05 5.53E-Ol ± 3.30E-03 0.935 0.065 31 ± 1 17 ± 0 3.66 ± 0.07 3.73 
212-15 6.36E-04 ± 6.44E-06 4.87E-03 ± l.89E-04 l .97E-04 ± 3.91 E--06 1.26547 ± 9. ??E--03 0.988 0.012 137 ± 2 168 ± 3 4.05 ± 0.04 --
212-18 5.86E-04 ± l.05E-05 6.60E-03 ± 7.76E-04 2.50E-04 ± l .66E-05 5.94E-01 ± 3.23E-03 0.956 0.044 34 ± 0 19 ± 0 3.61 ± 0.08 3.69 
212-19 3.23E-03 ± 6.52E-05 3. l 7E-01 ± 7.94E-03 5.99E-03 ± 9.61 E-05 8.63E-01 ± 2.31 E-02 0.181 0.819 35 ± 0 30 ± 1 3.76 ± 0.28 3.84 
212-20 6.02E-04 ± 8.91 E-06 8.65E-03 ± 4.45E-04 2. 76E-04 ± 1.20E-05 6.51E-01 ± 4.90E-03 0.928 0.072 47 ± 1 30 ± 0 3.60 ± 0.06 3.68 
212-21 6.35E-04 ± l.08E-05 8.44E-03 ± 5.04E-04 2.58E-04 ± 1.12E-05 9.76E-01 ± 8.54E-03 0.938 0.062 58 ± 1 55 ± 1 3.84 ± 0.07 3.92 
212-22 5.87E-04 ± l.08E-05 5.27E-03 ± 5.34E-04 2.28E-04 ± 2.31 E-05 5.06E-01 ± 2.26E-03 0.977 0.023 62 ± 0 30 ± 0 3.70 ± 0.07 3.77 
212-24 5.95E-04 ± l .04E-05 8.64E-03 ± 6.37E-04 2.98E-04 ± 1.85E-05 5.84E-01 ± 2.99E-03 0.927 0.073 45 ± 1 26 ± 0 3.56 ± 0.07 3.63 
212-25 6.06E-04 ± 1 .03E-05 6.97E-03 ± 4.82E-04 2.1 OE--04 ± 7.45E-06 9.88E-01 ± 7.32E-03 0.954 0.046 69 ± 2 66 ± 2 3.72 ± 0.07 3.80 
212-26 5.81E-04 ± 8.1 lE-06 5.81 E--03 ± 4.50E-04 2.19E-04 ± 7.95E-06 7.14E-01 ± 4.99E-03 0.967 0.033 62 ± 1 43 ± 1 3.62 ± 0.06 3.70 
212-28 6.71E-04 ± 2.00E--05 l.84E-02 ± 3.09E-03 4.58E-04 ± 2.32E-05 6.35E-Ol ± 3. l 5E-03 0.812 0.188 70 ± 0 43 ± 0 3.51 ± 0.20 3.59 
212-29 6.01 E-04 ± 1.40E-05 7 .49E-03 ± 7 .22E-04 2.82E-04 ± 2.05E-05 7.15E-Ol ± 5.15E-03 0.945 0.055 59 ± 1 41 ± 1 3.66 ± 0.09 3.74 
212-30 5.74E-04±1.05E-05 6.82E-03 ± 5. l 7E-04 2. l 6E-04 ± l.19E-05 5.70E-01 ± 3.26E-03 0.951 0.049 73 ± 1 40 ± 1 3.52 ± 0.07 3.60 
212-31 5.85E-04 ± 9.96E-06 5.98E-03 ± 5.18E-04 2.42E-04 ± 1.34E-05 6.26E-Ol ± 3.92E-03 0.965 0.035 63 ± 0 39 ± 0 3.64 ± 0.07 3.72 
212-33 6.31E-04±1.l lE-05 l .03E-02 ± 7.59E-04 2.93E-04 ± 1.33E-05 8.26E-Ol ± 6.44E-03 0.911 0.089 64 ± 1 52 ± 1 3.70 ± 0.08 3.78 
228-02 l .33E-03 ± 1.90E-05 9.65E-03 ± 2.85E-04 4.26E-04 ± 5.69E-06 1.02241 ± 4.47E-03 0.992 0.008 88 ± 0 88 ± 1 8.53 ± 0.12 8.60765 
228-03 l.30E-03 ± 1.97E-05 l .42E-02 ± 8.11 E--04 5.18E-04 ± 2.l lE-05 8.30E-Ol ± 3. l 9E-03 0.960 0.040 47 ± 0 38 ± 0 8.06 ± 0.13 8.13497 
228-04 l .27E-03 ± l .29E-05 l .24E-02 ± 5.64E-04 4.55E-04 ± l.06E-05 9.50E-01 ± 6.33E-03 0.970 0.030 98 ± 1 91 ± 1 7.96 ± 0.09 8.03853 
228-05 l .42E-03 ± 1.38E-05 l.45E-02 ± 7.39E-04 5.20E-04 ± 9.40E-06 8.50E-01 ± 5.34E-03 0.966 0.034 51 ± 1 42 ± 1 8.85±0.10 8.92473 
228-06 l.43E-03 ± 2.83E-05 2.38E-02 ± 3.57E-03 6.71E-04 ± 3.72E-05 6.38E-Ol ± 4.95E-03 0.908 0.092 30 ± 0 19 ± 0 8.33 ± 0.26 8.41146 
345-01 5.68E-04 ± 9.64E-06 6.11 E--03 ± 4.1 5E-04 2.35E-04 ± l .OGE--05 6.89E-Ol ± l .43E-02 0.961 0.039 25 ± 1 17 ± 0 3.52 ± 0.06 --
345-02 5.32E-04 ± 7.75E-06 6.44E-03 ± 3.46E-04 2.34E-04 ± 9.51E-06 8.69E-Ol ± l.06E-02 0.949 0.051 30 ± 1 25 ± 1 3.25 ± 0.05 3.33 
345-03 5.69E-04 ± 1.0SE-05 9.67E-03 ± 6.94E-04 3.24E-04 ± 2.24E-05 7.63E--01 ± 1.18E-02 0.905 0.095 25 ± 0 19 ± 0 3.32 ± 0.07 3.39 
345-04 5.09E-04 ± 1.60E-05 9.66E-03 ± 9.54E-04 2.45E--04 ± 1.37E-05 7 .43E-01 ± 3.67E-03 0.887 0.113 19 ± 0 13 ± 0 2.91 ±0.11 --
345-05 5.30E-04 ± 8.55E-06 6.56E-03 ± 3.92E-04 2.41 E-04 ± 1.01 E-05 5.99E-01 ± 2. l 5E-03 0.946 0.054 31 ± 0 18 ± 0 3.23 ± 0.06 3.31 
345-06 5.44E-04 ± 1 .OOE--05 9.06E-03 ± l.33E-03 2.55E-04 ± 1.09E-05 8.33E-01 ± 5.34E-03 0.908 0.092 69 ± 2 56 ± 2 3.18 ± 0.10 3.26 
345-07 5.36E-04 ± 5.54E-06 6.20E-03 ± 2.87E-04 2. l 9E-04 ± 5.20E-06 8.37E-01 ± 5.34E-03 0.953 0.047 87 ± 3 71 ± 3 3.29 ± 0.04 3.37 
345-08 6.95E-04 ± 1.92E-05 2.66E-02 ± l.58E-03 6.04E-04 ± 3.64E-05 9.32E-Ol ± 3.71E-03 0.714 0.286 45 ± 1 41 ± 1 3.20 ± 0.12 3.28 
345-09 5.62E-04 ± 9.46E-06 9.21 E--03 ± 6.57E-04 3.28E-04 ± 1.57E-05 6.80E-01 ± 9.68E-03 0.910 0.090 33 ± 0 22 ± 0 3.30 ± 0.07 3.38 
345-10 5. l 2E-04 ± 6.62E-06 5.74E-03 ± 3.39E-04 2.00E--04 ± 8.23E-06 1.0168 ± 3. 72E-03 0.957 0.043 54 ± 0 54 ± 0 3.16 ± 0.05 3.23 
345-11 5.37E-04 ± 8.59E-06 6.09E-03 ± 3.67E-04 2.44E-04 ± 7 .88E-06 8.75E-Ol ± 4.87E-03 0.955 0.045 59 ± 1 50 ± 1 3.31 ± 0.06 3.39 
345-12 5.89E-04 ± 2.00E-05 l.65E-02 ± l.51E-03 4.31E-04 ± 2.41E-05 7.62E-Ol ± 2.04E-02 0.805 0.195 60 ± 2 45 ± 2 3.06 ± 0.13 3.13 
345-13 5. l 6E-04 ± 8.61 E-06 6.88E-03 ± 4. 76E-04 2.27E-04 ± 9.04E-06 9.l lE--01 ± l.04E-02 0.938 0.062 66 ± 1 59 ± 1 3.12±0.06 3.19 
345-14 5.36E-04 ± 8.98E-06 9.40E-03 ± 5.02E-04 2.95E-04 ± 1.05E-05 8.15E-01 ± 7.lOE--03 0.900 0.100 67 ± 1 53 ± 1 3.11 ± 0.06 3.19 
345-15 5.60E-04 ± l.81E-05 9.23E-03 ± l .84E-03 3.59E-04 ± 7.35E-05 8.69E-01 ± 7.41E-03 0.909 0.091 55 ± 1 47 ± 1 3.28 ± 0.15 3.36 
345-16 5.35E-04 ± 1.05E-05 6.48E-03 ± 4. 76E-04 2.28E-04 ± 8.48E-06 9.35E-01 ± 3.05E-03 0.949 0.051 93 ± 1 85 ± 1 3.27 ± 0.07 3.35 
345-17 5.26E-04 ± 7 .01 E-06 6.42E-03 ± 3.42E-04 2.31E-04 ± 7.81E-06 7.02E-Ol ± 9.62E-03 0.948 0.052 83 ± 1 57 ± 1 3.22 ± 0.05 3.29 
345-18 5.34E-04 ± 7.91 E--06 6.22E-03 ± 3.54E-04 2.26E-04 ± 8.23E-06 8.62E-01 ± 8.9 1 E--03 0.953 0.047 86 ± 1 72 ± 1 3.28 ± 0.05 3.36 
345-20 5. l 4E-04 ± 6.89E-06 5.80E-03 ± 3. 76E-04 2.00E-04 ± 6. l 4E-06 9.68E-01 ± 3.39E-03 0.956 0.044 95 ± 0 89 ± 1 3.17 ± 0.05 3.25 
345-21 6. l 9E-04 ± l .43E-05 1 .60E-02 ± l .48E-03 4.48E-04 ± 2.87E-05 7.78E-01 ± 8.17E-03 0.826 0.174 76 ± 1 58 ± 1 3.29 ± 0.11 3.37 
345-23 6.26E-04 ± l .66E-05 1 .42E-02 ± l .26E-03 3.70E-04 ± 2.63E-05 1.01036 ± 7.22E-03 0.854 0.146 88 ± 1 86 ± 2 3.44 ± 0.11 3.52 
345-24 5.05E-04 ± 7.94E-06 6. l 4E-03 ± 3.61 E-04 2.35E-04 ± 9. l 5E-06 5.42E-01 ± 2.06E-03 0.948 0.052 86 ± 0 46 ± 0 3.09 ± 0.05 3.17 
345-25 5.59E-04 ± 3.30E-05 6.54E-03 ± 7.52E-04 2.12E-04 ± 8.70E-06 8.76E-01 ± 3.53E-03 0.952 0.048 75 ± 1 64 ± 1 3.43 ± 0.21 3.51 
345-26 4.90E-04 ± 6.47E-06 5. l 7E-03 ± 3.45E-04 2.07E-04 ± 6.02E-06 8.65E-01 ± 6.91 E--03 0.962 0.038 172 ± 2 145 ± 2 3.04 ± 0.04 --
345-27 5.29E-04 ± l.50E-05 1 .04E-02 ± 9.67E-04 3.01 E--04 ± l .92E-05 9.77E-01 ± 4.34E-03 0.882 0.118 158 ± 3 150 ± 3 3.00 ± 0.10 3.08 
345-28 5.23E-04 ± 6.81 E-06 4. 77E-03 ± 2.68E-04 1.82E-04 ± 7 .09E-06 8.09E-O 1 ± 4.94E-03 0.975 0.025 173 ± 7 136 ± 5 3.29 ± 0.05 3.37 
345-29 S.90E-04 ± 1. l 7E-05 l.OlE--02 ± 8.62E-04 2. 78E-04 ± 1.84E-05 9.67E-01 ± 3.04E-02 0.904 0.096 100 ± 6 95 ± 6 3.44 ± 0.08 --
345-31 4.98E-04 ± 7.29E-06 5.33E-03 ± 3. 72E-04 2.00E--04 ± 6.84E-06 1.03867 ± 1.63E-02 0.961 0.039 136 ± 5 138 ± 6 3.08 ± 0.05 3.16 
345-32 5.62E-04 ± 1.35E-05 1. l 2E-02 ± 7 .22E-04 2.98E-04 ± 9.70E-06 1.00629 ± l.36E-02 0.879 0.121 108 ± 3 106 ± 3 3.19 ± 0.09 3.26 
345-33 5.21E-04±8.55E-06 7.37E-03 ± 4.97E-04 2.29E-04 ± l.07E-OS 7.35E-Ol ± 6.89E-03 0.930 0.070 73 ± 1 52 ± 1 3.12 ± 0.06 3.20 
Appendix A4 A4-4 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample 206Pb I 23"1.J 201Pb I 235tJ 2oaPb I 232Th mTh I 23"1.J f -206 f -207 u Th 206Pb/23"u age Age* 
345-34 5.21E-a4 ± 8.35E-a6 6.91 E--03 ± 5.19E--04 2.34E-a4 ± 1.a1 E-as 6.95E--01 ± 7.66E-a3 a.938 a.a62 81 2 55 ± 2 3.15 ± a.a6 3.23 
345-35 5.28E-a4 ± 1.a2E--05 9.71 E--03 ± 8.43E-a4 3.47E-a4 ± 2.86E--05 5.98E--01 ± 3.49E--03 a.892 a.1a8 95 1 55 ± 1 3.a3 ± a.a8 3.11 
223-01 1 .a4E--03 ± 4.74E--05 5.98E--02 ± 4.11 E--03 1.04E--03 ± 7.93E--05 1.27572 ± 1.61 E--02 0.541 a.459 73 ± 4 90 ± 5 3.62 ± 0.24 ---
223-02 5. 71 E-a4 ± 1.29E-a5 7 .99E--03 ± 5. 72E-a4 2.71E-04 ± 1.13E-05 8.a5E--01 ± 8.56E-03 0.932 a.a68 65 ± 1 51 ± 1 3.43 ± a.a8 3.51 
223-03 7.74E--04 ± 3.44E--05 2.94E--02 ± 3.04E--03 6.11E--04 ± 7.43E--05 1.a5248 ± 6. 78E--03 a.717 0.283 86 ± 3 88 ± 3 3.57 ± a.22 ---
223-04 1.28E--03 ± 5.60E--05 8.77E--02 ± 4.99E--03 2.a3E--03±1 .51E--04 9.53E--01 ± 1.86E--02 0.442 0.558 80 ± 3 75 ± 3 3.64 ± 0.24 ---
223-05 7 .89E-a4 ± 2.48E-a5 3.34E--02 ± 1.8aE--03 9.57E--04 ± 6.36E--05 7.a2E--01 ± 1.45E-a2 0.678 a.322 67 ± 1 46 ± 1 3.45 ± a.14 3.52 
223-06 7.58E-a4 ± 1.54E--05 3.3aE--02 ± 1.48E-03 9.21 E--04 ± 3.a9E--05 6.a4E--01 ± 2.77E-a3 a.668 a.332 49 ± 1 29 ± 1 3.26 ± a.1a 3.34 
223-07 5.59E--04 ± 6.85E-06 5.82E--03 ± 4.a3E-a4 2.a8E--04 ± 7.54E-a6 8.74E--01 ± 1.66E--02 a.964 a.a36 56 ± 2 47 ± 2 3.47 ±a.as 3.55 
223-08 5.44E-a4 ± 5.22E--06 S.46E--03 ± 2.48E-a4 2.26E-a4 ± S.9aE-a6 7.18E--01 ± 2.74E-a3 a.967 a.a33 119 ± 2 84 ± 1 3.39 ± a.a4 3.47 
585-01 6.1aE-a4 ± 6.57E--06 7.27E--03 ± 3.77E-a4 2.4aE-04 ± 7.alE--06 8.2SE--01 ± 1.26E-a2 a.95a a.asa 49 ± 1 39 ± 1 3.74 ± o.as 3.82 
585-02 6.23E-a4 ± 7 .34E--06 7.33E--03 ± 3.a7E--04 2.89E--04 ± 1.09E--OS 4.84E--01 ± 1.77E-03 0.952 a.a48 62 ± 2 29 ± 1 3.82 ± o.as 3.90 
585-03 6.21E-a4 ± 6.19E--06 5.18E--03 ± 2.6SE--04 2.a7E--04 ± 3.94E--06 1 .1281 S ± 2.86E--02 a.982 a.a18 139 ± 9 1 S3 ± 11 3.93 ± a.a4 4.01 
585-04 6.62E--04 ± 9.07E-a6 1.1 SE--02 ± S.35E-a4 3.47E-a4 ± 7.21 E-a6 7.S3E--01 ± 5.44E-a3 a.9al a.a99 49 ± 1 36 ± 1 3.8S ± a.a6 3.92 
585-05 6.24E-a4 ± 6.61E--06 7.55E--03 ± 2.68E-a4 2.62E-a4 ± 6.86E-06 9.09E--Ol ± 7.27E--03 0.949 o.as1 62 ± 1 SS ± 1 3.82 ± a.a4 3.89 
585-06 6.22E--04 ± 6.41 E-a6 4.89E--03 ± 2.2SE--04 2.14E--04 ± S.74E--06 9.23E--01 ± 4.9SE--03 a.986 a.a14 131 ± 2 118 ± 2 3.9S ± a.a4 4.03 
585-07 6.02E--04 ± 4.S5E-06 7.27E--03 ± 3.31E-a4 2.63E--04 ± 7.35E--06 6.65E--01 ± 4.22E--03 0.949 o.a51 58 ± 1 38 ± 1 3.68 ± a.a3 ---
585-08 6. 79E-04 ± 1.31 E-a5 1.23E--02 ± 9.69E--04 3.92E--04 ± 2. 79E-05 6.95E--01 ± 8.32E--03 a.895 a.1a5 51 ± 2 34 ± 1 3.92 ± a.a9 4.00 
585-09 6.40E--04 ± 1 .11 E-a5 9.17E--03 ±7.laE--04 3.2aE-a4 ± 1.98E-05 6.41E--01 ± 4.77E-a3 0.929 o.a71 51 ± 1 32 ± 1 3.83 ± a.a8 3.91 
585-10 7 .40E--04 ± 3.66E--05 2. 1 6E--02 ± 3.29E--03 4.05E--04 ± 1.09E--05 1 .a078 ± 5.98E--03 0.796 a.2a4 84 ± 1 82 ± 1 3.80 ± a.26 ---
585-11 6.3aE--04 ± 5.49E-a6 6.1lE--03±2.74E-a4 2.39E-a4 ± S.a4E--06 8.55E--01 ± 6.62E-a3 a.97a a.a3a 7a ± 1 58 ± 1 3.94 ± a.a4 4.02 
585-12 6.27E--04 ± 1.35E-05 7.87E--03 ± 7.33E--04 2.62E--04 ± 1.57E-a5 8.a9E--01 ± 6.78E--03 a.945 o.a55 44 ± 0 35 ± a 3.82 ± a.a9 3.89 
585-13 6.56E-04 ± 6.67E--06 8.61 E--03 ± 4.42E--04 3.laE--04 ± 7.17E-06 6.33E--01 ± 2.51E--03 0.939 o.a61 48 ± a 3a ± a 3.97 ± o.a5 4.05 
585-14 6.96E--04 ± 1 .59E-a5 1.19E--02 ± 1.55E--03 2.96E--04 ± 3.45E--05 9.37E--01 ± 1.2aE-02 a.9a4 a.a96 1a3 ± 7 94 ± 6 4.as ± a.13 4.13 
585-15 6.65E--04 ± 1 .62E-05 1 .37E-02 ± 1 .47E-03 4.82E-04 ± 6. 18E-05 6.48E-01 ± 8.65E-03 0.873 0.127 102 :t 1 64 :t 1 3.74±0.12 ---
585-16 6.al E-a4 ± 5.36E-a6 6.1 5E--03 ± 2.88E--04 2.1 OE--04 ± 4.49E-a6 9.58E--01 ± 3.68E--03 a.965 a.035 84 ± 1 78 ± 1 3.74 ± a.a4 3.82 
585-17 6.26E-04 ± 1. 19E-05 1.57E-02 ± 2.92E-03 3.59E-04 ± 1.41E-05 6.65E-01 ± 6.83E-03 0.832 a.168 61 ± 1 40 :t 1 3.36 ± 0.18 ---
585-18 6.81 E-a4 ± 1 .64E-05 1.47E--02±1.laE-a3 3.97E-a4 ± 2.13E--05 8.a5E--01 ± 1.18E-02 0.863 a.137 62 ± 2 48 ± 2 3.79 ± a. 11 3.87 
585-20 6.44E--04 ± 1 .29E--05 8.97E--03 ± 9.a6E-a4 2.68E--04 ± 1.12E-a5 8.39E--01 ± 4.66E--03 a.932 a.a68 70 ± 1 57 ± 1 3.87 ± a.09 3.95 
585-21 6.21 E-04 ± 8.29E-06 1 .OOE-02 t 6.33E--04 2.80E--04 ± 6.95E--06 9.83E--01 ± 4.77E-03 a.912 o.a88 131 ± 5 125 ± 4 3.65 ± a.a6 --
585-23 6.34E--04 ± 1.alE--05 1.08E--02 ± 8.1 GE--04 3.33E--04 ± 1 .39E--05 9.29E--01 ± 7.02E--03 0.9a5 a.095 115 :t 1 104 ± 2 3.7a ± a.a7 ---
585-24 6.27E--04 ± 5.99E-06 1 .1 aE--02 ± 4. 7aE-a4 2.95E--04 ± 7.29E-06 1. 12444 ± 1.45E-a2 a.899 o.1a1 198 ± 3 217 ± 5 3.63 ± a.a4 3.71 
585-25 7.21E--04±1.27E-05 1.9aE--02 ± 7.11E-a4 4.38E--04 ± 1 .56E-05 9.35E--01 ± 9.52E-a3 a.822 0.178 89 ± 1 81 ± 2 3.81 ± a.a8 3.89 
585-26 6.83E--04 ± 1 .57E-05 1 .22E--02 ± 6.a3E--04 3.92E-a4 ± 1.00E--05 7.35E--01 ± 7.07E-a3 0.897 a.103 62 ± 1 45 ± 1 3.95 ± 0.10 4.03 
585-27 8.22E--04 ± 2.a2E-a5 3.46E--02 ± l .7aE--03 7.84E--04 ± 3.0lE-05 7.99E--01 ± 6.63E-a3 a.68a a.32a 61 ± 1 47 ± 1 3.6a ±a.12 3.68 
585-28 6.49E--04 ± 1.27E--05 8.49E--03 ± 5.09E-a4 2.53E-a4 ± 8.a6E--06 9.64E--01 ± 1 .68E--02 a.94a a.a6a 167 ± 1a 157 ± 1a 3.93 ± a.a8 4.01 
585-29 6.83E-a4 ± 1 .45E--05 1 .38E--02 ± 8.69E--04 3. 78E-a4 ± 1 .62E--05 9.49E--01 ± 1. 18E--02 0.876 0.124 90 ± 2 83 ± 2 3.85 ± a.09 3.93 
585-30 7 .83E--04 ± 2.63E--05 3.1 aE--02 ± 3.a8E--03 9.45E--04 ± 6.04E--05 5.90E--Ol ± 3.45E--03 a.703 0.297 57 ± 1 33 ± 1 3.55 ± a.21 3.63 
638-01 6. 19E--04 ± 1 .aSE--05 9.71E--03 ± 5.7aE--04 3.aSE--04 ± 1.49E--05 8.59E--01 ± 4.24E-a3 a.916 a.a84 62 ± 1 52 ± 1 3.65 ± o.a7 3.73 
638-02 6.39E--04 ± 8.49E-06 7.32E-03 t 4.38E--04 3.28E--04 ± 1. 1 2E--05 6.0lE--01 ± 4.17E--03 0.954 o.a46 3a ± a 17 ± 0 3.93 ± a.a6 ---
638-03 5.98E--04 ± 1. 1 aE--05 8.82E--03 ± 6.27E-a4 2.64E--04 ± 9.26E-a6 6.90E--01 ± 1.29E-a2 a.925 a.a75 33 ± a 22 ± 1 3.57 ± a.a7 3.64 
638-04 5.82E--04 ± 9.60E-a6 8.a6E--03 ± 6.71 E--04 2.39E--04 ± 9.89E-a6 1.aS6a6 ± 2.14E--02 a.933 a.a67 66 ± 3 68 ± 3 3.Sa ± a.a7 3.58 
638-06 6.17E-a4 ± 1.aSE--05 8.1 3E--03 ± 5.64E-a4 2.87E--04 ± 1. l 5E--05 7.57E--01 ± 5.47E--03 a.939 a.a61 39 ± 0 29 ± 0 3.73 ± a.a7 3.81 
638-09 5.89E-a4 ± 7 .96E--06 8.11 E--03 ± 4.26E--04 2.71E--04±1.3aE-a5 7.22E--Ol ± 4.12E-a3 0.934 a.066 53 ± 1 37 ± 1 3.54 ±a.OS 3.62 
638-10 6.90E--04 :t 1.78E--05 8.95E-03 ± 8.18E-04 3.24E-04 ± 2.49E-05 4.66E-01 ± 2.27E--03 0.941 0.059 6a ± 1 27 ± 0 4.18 ± 0.12 ---
638-11 5.75E--04 ± 1 .02E--05 8.94E-03 ± 4.40E-04 3.31 E--04 ± 1.36E-05 5.86E--01 ± 7.76E--03 a.918 a.082 53 ± 2 3a ± 1 3.40 ± a.a6 ---
638-12 5.71E--04 ±9.16E--06 6.28E--03 ± 5.22E-a4 2.62E--04 ± 1.36E-a5 5.15E--01 ± 3.73E--03 a.959 a.a41 53 ± 1 27 ± a 3.53 ± a.a6 3.61 
638-13 5.83E-a4 ± 6.67E-a6 5.49E--03 ± 3.51 E--04 2.16E-a4 ± 7.43E-a6 8.69E--01 ± 4.98E-a3 a.973 a.a27 76 ± 2 64 ± 2 3.65 ± a.a5 3.73 
638-14 5.71E--04 ± 7.67E-a6 6.58E--03 ± 4.24E--04 2.31 E-a4 ± 8.93E-a6 8.53E--01 ± 1 .93E-a2 a.954 a.a46 93 ± 5 78 ± 4 3.s1 ±a.as 3.59 
638-15 5.85E-a4 ± 1.11 E-as 5.97E--03 ± 4.aaE-a4 2.49E-a4 ± 9.21 E-a6 8.31 E--01 ± 1.a2E-a2 a.966 a.034 60 ± 2 49 ± 1 3.64 ± o.a7 3.72 
638-16 6.1 2E--04 ± 8.58E--06 7.74E--03 ± 4.18E--04 2.45E-a4 ± 7.18E-a6 8.63E--01 ± 1.a2E-a2 0.944 0.056 92 ± 3 77 ± 3 3.72 ± o.a6 3.80 
638-17 6.32E-04 ± 1.22E--05 8.68E--03 ± 1.1 aE--03 3.11 E-04 ± 2.03E--05 8.98E--01 ± 4.82E-a3 a.934 a.a66 79 ± 2 69 ± 1 3.8a ± a.1a 3.88 
Appendix A4 A4-5 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample ZO&pi, I 238tJ zo7Pb I Z35tJ zoapb I z3zTh Z32Th I 238tJ f-206 f-207 u Th Z06Pb/Z38tJ age Age* 
638-18 6.65E-04 ± 8.90E-06 1 .48E-02 ± 7.41 E-04 4.29E-04 ± 1 .45E-05 8.0SE-01 ± 2.SSE-03 0.858 0.142 83 ± 0 66 ± 0 3.68 ± 0.06 3.76 
638-19 6.78E-04 ± 7.93E-06 7.41 E-03 ± 4.S9E-04 2.96E-04 ± 1 .02E-OS S.43E-01 ± 2.77E-03 0.9S9 0.041 107 ± 2 S6 ± 1 4.19 ± 0.06 ---
650-01 S.87E-04 ± 9.0SE-06 6.42E-03 ± 4.92E-04 2.57E-04 ± 9.68E-06 6.24E-01 ± 2.79E-03 0.9S9 0.041 32 ± 1 20 ± 0 3.63 ± 0.06 3.70 
650-02 6.47E-04 ± 1. 16E-OS 1 .SSE-02 ± 9.86E-04 5.78E-04 ± 2.37E-05 S.67E-01 ± 3.46E-03 0.839 0.161 25 ± 0 14 ± 0 3.50 ± 0.08 3.58 
650-03 9.87E-04 ± 3.47E-OS S. 1 9E-02 ± 3. 1 2E-03 1.31 E-03 ± 7 .09E-OS 8.04E-01 ± 2.2SE-02 0.S86 0.414 40 ± 1 31 ± 1 3.73 ± 0.20 3.81 
650-04 6.1 SE-04 ± 8.61 E-06 7.4SE-03 ± 5.22E-04 2.61E-04±9.48E-06 8.64E-01 ± 1.0lE-02 0.949 O.OSl 32 ± 1 27 ± 1 3.78 ± 0.06 3.86 
650-05 5. 7 SE-04 ± 9.03E-06 7. 14E-03 ± 4.00E-04 2.48E-04 ± 9.94E-06 8.21E-01 ± 1 .1 SE-02 0.946 0.0S4 36 ± 1 29 ± 1 3.SO ± 0.06 3.58 
650-06 6.1 SE-04 ± 8.30E-06 9.47E-03 ± 5.S3E-04 3.46E-04 ± 1 .SSE-OS 5.SOE-01 ± 1 .72E-03 0.919 0.081 49 ± 1 28 ± 0 3.65 ± 0.06 3.72 
650-07 6.03E-04 ± 1.06E-OS 7. 1 3E-03 ± 5.34E-04 2.43E-04 ± 8.99E-06 6.51E-01 ± 1.74E-03 0.9Sl 0.049 47 ± 0 30 ± 0 3.70 ± 0.07 3.78 
650-08 5.86E-04 ± 9.30E-06 8.08E-03 ± 4.92E-04 2.87E-04 ± l.12E-OS 6.49E-Ol ± 2.90E-03 0.934 0.066 41 ± 1 26 ± 1 3.53 ± 0.06 3.61 
650-09 6.19E-04 ± l.64E-OS 7 .02E-03 ± 7 .99E-04 3.01 E-04 ± 1 .99E-OS 7.53E-01 ± 2.SSE-03 0.9SS 0.04S 47 ± 0 3S ± 0 3.81 ± 0.11 3.89 
650-10 6.03E-04 ± 9.S9E-06 8. 14E-03 ± S.4SE-04 2.84E-04 ± 1 .29E-OS S.66E-01 ± 6.97E-03 0.936 0.064 S3 ± 2 29 ± 1 3.64 ± 0.07 3.72 
650-11 5.SSE-04 ± 8.62E-06 6.87E-03 ± 4.95E-04 2.54E-04 ± 1 .04E-05 6.96E-01 ± 7.37E-03 0.9S2 0.048 S6 ± 1 38 ± 1 3.59 ± 0.06 3.66 
650-12 S.SSE-04 ± 1.29E-OS 7.SSE-03 ± 7.50E-04 3.4SE-04 ± 2.S2E-OS 6.46E-01 ± 1.38E-02 0.937 0.063 S9 ± 1 37 ± 1 3.S5 ± 0.09 3.63 
650-13 6.45E-04 ± 1 .73E-OS l.55E-02 ± 8.50E-04 5. 19E-04 ± 2. 1 6E-05 5.39E-Ol ± 2.0lE-03 0.841 0.159 52 ± 0 27 ± 0 3.50±0.10 3.58 
650-14 6.73E-04 ± 3.71 E-05 l.18E-02 ± l.99E-03 3.31 E-04 ± 7. 1 3E-05 7.92E-01 ± 7.1 OE-03 0.900 0.100 69 ± 2 53 ± 2 3.91 ± 0.24 3.99 
650-15 6.11 E-04 ± 1.21 E-05 8.75E-03 ± 6.35E-04 3.24E-04 ± 1 .87E-05 6.46E-01 ± 2.79E-03 0.929 0.071 67 ± 0 42 ± 0 3.66 ± 0.08 3.74 
650-16 6.91E-04±1 .67E-05 1 .87E-02 ± 1.13E-03 6.24E-04 ± 4.43E-05 6.00E-01 ± 4.55E-03 0.814 0.186 65 ± 1 38 ± 1 3.63 ± 0.11 3.71 
650-19 6. l?E-04 ± 8.63E-06 1.03E-02 ± 4.81 E-04 4.41 E-04 ± 1.59E-05 4.91E-01 ± 2.56E-03 0.907 0.093 81 ± 2 39 ± 1 3.61 ± 0.06 3.69 
650-20 5.51 E-04 ± 8.09E-06 6.30E-03 ± 4.28E-04 2.25E-04 ± 7.91E-06 7.03E-01 ± 3.98E-03 0.95S 0.04S 96 ± 3 66 ± 2 3.39 ± 0.06 --
650-21 S. 70E-04 ± l.17E-OS 7 .04E-03 ± 3.90E-04 2.03E-04 ± l.27E-05 1.78348 ± 6.61 E-02 0.947 0.053 577 ± 16 1004 ± 46 3.48 ± 0.07 3.56 
678-01 6.2SE-04 ± 3.00E-05 7.37E-03 ± 9.34E-04 2. ?ZE-04 ± 1. 78E-05 6.78E-01 ± 4.36E-03 0.9Sl 0.049 34 ± 0 23 ± 0 3.83 ± 0.19 3.91 
678-02 6.31E-04 ±9.51E-06 8.00E-03 ± 7 .04E-04 2.92E-04 ± 1.19E-05 6.27E-01 ± S.35E-03 0.944 O.OS6 23 ± 0 14 ± 0 3.84 ± 0.07 3.92 
678-03 6.1 5E-04 ± 1.0SE-05 8.09E-03 ± S.82E-04 2.86E-04 ± 1.41 E-05 6.42E-01 ± 1.63E-02 0.939 0.061 25 ± 1 16 ± 1 3.73 ± 0.07 3.80 
678-04 6.07E-04 ± 6.SSE-06 7.0SE-03 ± 3.57E-04 2.47E-04 ± 5.S9E-06 7.SlE-01 ± 1.31E-02 0.953 0.047 S3 ± 1 40 ± 1 3.72 ± o.os 3.80 
678-05 6.03E-04 ± 7.42E-06 7.45E-03 ± 4.90E-04 2.60E-04 ± 1. 1 SE-05 7.48E-01 ± 1.32E-02 0.946 O.OS4 27 ± 1 20 ± 1 3.68 ± 0.05 3.75 
678-06 6.23E-04 ± 2.38E-05 8.20E-03 ± 1 .1 3E-03 2.87E-04 ± l.45E-05 6.SSE-01 ± 7 .SOE-03 0.939 0.061 24 ± 0 16 ± 0 3.77 ± 0.16 3.85 
678-07 6.27E-04 ± 1 .1 3E-05 1. 13E-02 ± 6.SOE-04 3.11 E-04 ± l.49E-OS 8.S2E-01 ± 1 .66E-02 0.89S 0.105 33 ± 2 27 ± 1 3.62 ± 0.08 3.69 
678-08 6.63E-04 ± 1.37E-05 1. 19E-02 ± 7.15E-04 3.57E-04 ± l.29E-05 6.81E-01 ± 5.49E-03 0.896 0.104 22 ± 0 14 ± 0 3.83 ± 0.09 3.91 
678-09 6.27E-04 ± 9.95E-06 8. 16E-03 ± S.57E-04 2.65E-04 ± 9.87E-06 7.9SE-01 ± 3.60E-03 0.941 O.OS9 32 ± 0 25 ± 0 3.80 ± 0.07 3.88 
678-10 6. 1 1 E-04 ± 7 .69E-06 5.21E-03 ± 3.50E-04 2. 1 OE-04 ± 6.45E-06 7.95E-01 ± 5.lOE-03 0.981 0.019 35 ± 0 27 ± 0 3.86 ± 0.05 3.94 
678-11 6.47E-04 ± l.93E-05 8. 1 5E-03 ± 8.77E-04 2.99E-04 ± l.35E-05 5.85E-01 ± 2.29E-03 0.944 0.056 48 ± 1 27 ± 0 3.94 ± 0.13 4.01 
678-12 6.07E-04 ± 7.65E-06 6.08E-03 ± 3.68E-04 2. 1 7E-04 ± 8.25E-06 7.66E-01 ± 7.83E-03 0.967 0.033 36 ± 1 27 ± 0 3.79 ± 0.05 3.87 
678-13 6.47E-04 ± l.19E-05 9. 1 6E-03 ± 6.11 E-04 2.90E-04 ± l.65E-05 6.77E-01 ± 4.74E-03 0.930 0.070 32 ± 0 21 ± 0 3.88 ± 0.08 3.96 
678-14 5.SSE-04 ± 8.59E-06 7.28E-03 ± 4.38E-04 2.37E-04 ± 7.91E-06 5.92E-01 ± 2.52E-03 0.946 0.054 37 ± 0 21 ± 0 3.58 ± 0.06 3.66 
678-15 6.06E-04 ± 6.97E-06 6.73E-03 ± 3.61E-04 2.0SE-04 ± 7.49E-06 7.57E-01 ± l.13E-02 0.957 0.043 43 ± 1 32 ± 1 3.74 ± 0.05 3.82 
678-16 6.02E-04 ± 1.1 5E-05 6.36E-03 ± 4.22E-04 2.25E-04 ± 8.85E-06 9.02E-01 ± 9.52E-03 0.962 0.038 45 ± 1 40 ± 1 3.73 ± 0.07 3.81 
678-17 5.93E-04 ± 9.S8E-06 9.20E-03 ± 6.60E-04 2.54E-04 ± 8.39E-06 8.96E-01 ± 8.20E-03 0.918 0.082 35 ± 0 31 ± 0 3.Sl ± 0.07 --
678-18 6.21 E-04 ± l.34E-05 7.08E-03 ± 5.22E-04 2.43E-04 ± l.32E-05 5.39E-01 ± 2.50E-03 0.955 0.045 43 ± 1 23 ± 0 3.82 ± 0.09 3.90 
678-19 6.38E-04 ± 6.99E-06 7 .S6E-03 ± 4.27E-04 2.28E-04 ± 7.SBE-06 7.58E-01 ± 4.98E-03 0.9Sl 0.049 42 ± 1 31 ± 1 3.91 ± o.os --
678-20 6.68E-04 ± 1.23E-OS 9.57E-03 ± 6. 11 E-04 3.09E-04 ± 1 .37E-OS 6.41E-01 ± 4.92E-03 0.929 0.071 35 ± 0 22 ± 0 4.00 ± 0.08 --
678-21 6.1 6E-04 ± l.42E-05 8.18E-03 ± 6. 18E-04 3.00E-04 ± l.58E-05 8.39E-01 ± 4.69E-03 0.938 0.062 54 ± 0 44 ± 0 3.73 ± 0.09 3.80 
678-22 6.18E-04 ± 1.41 E-05 7.30E-03 ± 6.59E-04 2.30E-04 ± l.82E-05 8.22E-01 ± 4.22E-03 0.951 0.049 S7 ± 1 46 ± 0 3.79 ± 0.09 3.87 
678-24 6.0SE-04 ± l.02E-OS 8.83E-03 ± 5. 76E-04 2. 7 5E-04 ± l.03E-OS 7.36E-01 ± 8.3SE-03 0.926 0.074 97 ± 2 70 ± 2 3.61 ± 0.07 3.69 
678-25 6.22E-04 ± 1.35E-OS 8.86E-03 ± 6.84E-04 2.66E-04 ± 1.73E-05 6.29E-Ol ± 4.83E-03 0.929 0.071 43 ± 1 26 ± 0 3.73 ± 0.09 3.80 
678-26 S.80E-04 ± 8.3SE-06 7.4SE-03 ± 4.3SE-04 2.47E-04 ± l.07E-OS 7. 19E-01 ± 4.71 E-03 0.942 O.OS8 S3 ± 0 37 ± 0 3.52 ± 0.06 --
678-28 S.S4E-04 ± 1 .ZOE-OS 4.80E-03 ± 4.88E-04 2. 1 6E-04 ± 1. 1 OE-OS S.76E-Ol ± 2. 19E-03 0.979 0.021 84 ± 1 47 ± 0 3.49 ± 0.08 --
678-29 5.88E-04 ± 7 .33E-06 6.SSE-03 ± 3.80E-04 2.20E-04 ± 4.45E-06 9.52E-Ol ± 5.ZlE-03 0.952 0.048 94 ± 1 87 ± 1 3.61 ± o.os 3.69 
678-31 6.09E-04 ± 1 .22E-05 8.51E-03 ± 5.14E-04 2.9 5E-04 ± l.42E-05 6.45E-01 ± 3.36E-03 0.932 0.068 S6 ± 0 35 ± 0 3.66 ± 0.08 3.73 
678-32 S.90E-04 ± 8.30E-06 6.75E-03 ± 3.35E-04 2.08E-04 ± 6.93E-06 8.42E-01 ± 1.18E-02 0.9S5 0.045 100 ± 2 82 ± 2 3.63 ± 0.05 3.71 
Appendix A4 A4-6 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample 206pb I 2381.J 201Pb I 235tJ 2oaPb I 232Th 232Th I 2381.J f-206 f-207 u Th 200Pb/238u age Age* 
678-33 6.20E-04 ± 9.33E-06 1.08E-02 ± 7.0lE-04 2.90E-04 ± 1.17E-05 8.98E-01 ± 4.95E-03 0.902 0.098 60 ± 0 53 ± 0 3.60 ± 0.07 3.68 
678-34 6.61 E-04 ± 1.27E-05 1.11 E-02 ± 6.69E-04 3.55E-04 ± 1.38E-05 5.73E-01 ± 3.92E-03 0.906 0.094 56 ± 1 31 ± 1 3.86 ± 0.08 3.94 
700-1 8.65E-04 ± 1.3 7E-05 8.83E-03 ± 5.43E-04 3.07E-04 ± 9.54E-06 6.50E-01 ± 3.38E-03 0.9656 0.034 39 ± 1 24 ± 1 5.38 ± 0.09 5.45749 
700-3 9.20E-04 ± 1.25E-05 9.72E-03 ± 1.31E-03 3.28E-04 ± 1.19E-05 5.66E-01 ± 8.22E-03 0.9623 0.038 37 ± 1 21 ± 0 5.70 ± 0.11 5.78145 
700-4 9.04E-04 ± 2.03E-05 8.54E-03 ± 6.34E-04 3.31 E-04 ± 1.35E-05 5.87E-01 ± 4.27E-03 0.9724 0.028 34 ± 0 19 ± 0 5.66 ± 0.13 5.74131 
700-7 8.69E-04 ± 1.48E-05 1.20E-02 ± 9.37E-04 4.19E-04 ± 3.93E-05 5.05E-01 ± 2.53E-03 0.9336 0.066 57 ± 1 28 0 5.23 ± 0.10 5.30 
700-8 8.49E-04 ± 2.14E-05 1.53E-02 ± 1.15E-03 4.97E-04 ± 2.25E-05 6.04E-01 ± 3.29E-03 0.8963 0.104 41 ± 0 24 0 4.90 ± 0.14 4.98344 
700-9 8.59E-04 ± 1.78E-05 1.94E-02 ± 1.20E-03 5.75E-04 ± 2.05E-05 6.23E-01 ± 5.43E-03 0.8554 0.145 56 ± 1 34 1 4.74±0.12 4.81411 
743-01 9.52E-04 ± 2.05E-05 3.20E-02 ± 2.17E-03 8.72E-04 ± 6.86E-05 6.90E-01 ± 5.64E-03 0.756 0.244 56 ± 2 38 ± 1 4.638 ± 0.15 ---
743-02 8.11 E-Q4 ± 1. 79E-OS 7.88E-03 ± S.SlE-04 3.16E-04 ± 8.80E-06 S.33E-01 ± 4.08E-03 0.970 0.03 38 ± 1 20 ± 0 S.067 ± 0.12 ---
743-03 7 .2SE-04 ± 8.08E-06 S.97E-03 ± 2.07E-04 2.83E-04 ± 6.39E-06 4.94E-01 ± 2.16E-03 0.983 0.017 72 ± 1 3S ± 1 4.S94 ± o.os ---
743-04 7 .60E-04 ± 1.14E-OS 1.49E-02 ± 9.38E-04 5.95E-04 ± 2.28E-05 4.73E-01 ± 4.03E-03 0.882 0.118 55 ± 2 2S ± 1 4.316 ± 0.08 4.394 
743-05 3.13E-03 ± 8.83E-OS 2.94E-01 ± 9.1 OE-03 9.82E-03 ± 4.60E-04 5.29E-Ol ± 1.09E-02 - 0.785 97 ± 4 so ± 3 4.338 ± 0.25 4.416 
743-08 7.74E-04 ± 1.30E-OS 1.05E-02 ± 4.37E-04 4.01 E-04 ± 1.61 E-OS 6.38E-01 ± 1.SlE-02 0.935 0.06S 60 ± 1 37 ± 1 4.667 ± 0.08 --
743-09 8.24E-04 ± 1.SGE-OS 1.0SE-02 ± 6.28E-04 3.65E-04 ± 1.39E-OS S.8SE-01 ± 2.91 E-03 0.943 O.OS7 43 ± 1 2S ± 0 5.006 ±0.10 ---
743-10 1.33E-03 ± 7 .S4E-OS 7 .S2E-02 ± 7 .98E-03 2.47E-03 ± 3.SlE-04 S.40E-01 ± 4.1 GE-03 0.5S3 0.447 S8 ± 2 30 ± 1 4.7S3 ± 0.47 ---
743-11 7 .96E-04 ± 1.58E-05 1.27E-02 ± 6.45E-04 4.44E-04 ± 2.52E-05 6.38E-01 ± 8.03E-03 0.914 0.086 56 ± 2 35 ± 1 4.688 ± 0.10 ---
743-12 8.01 E-04 ± 7 .82E-06 1.88E-02 ± 1.09E-03 6.13E-04 ± 3.03E-OS S.96E-01 ± 5.58E-03 - 0.153 68 ± 1 40 ± 1 4.372 ± 0.08 4.450 
743-13 7.71E-04 ± 9.28E-06 1.11 E-02 ± 6.S9E-04 4.13E-04±1.25E-05 6.12E-01 ± 4.52E-03 0.928 0.072 68 ± 1 41 ± 1 4.609 ± 0.07 ---
743-14 7 .39E-04 ± 9.25E-06 7.85E-03 ± 4.86E-04 3.08E-04 ± 1.38E-05 4.76E-01 ± 2.12E-03 0.962 0.038 47 ± 1 22 ± 1 4.581 ± 0.06 ---
743-15 8.07E-04 ± 1.55E-05 1.41E-02±1 .42E-03 4.28E-04 ± 2.17E-05 6.39E-01 ± 1.2SE-02 0.901 0.099 SS ± 1 34 ± 1 4.685 ±0.12 ---
743-18 1.95E-03 ± 4.0SE-OS 1.50E-01 ± 3.84E-03 4.14E-03 ± 1.65E-Q4 6.67E-01 ± 1.66E-02 0.370 0.630 82 ± 2 S3 ± 2 4.642 ± 0.16 ---
743-19 8.77E-Q4 ± 2.89E-05 2.41 E-02 ± 3.65E-03 8.02E-04 ± 1.24E-Q4 6.08E-01 ± 3.1 BE-03 0.811 0.189 39 ± 0 23 ± 0 4.588 ± 0.25 ---
743-20 8.61 E-04 ± 1.68E-05 1.77E-02 ± 8.95E-04 6.20E-04 ± 2.47E-05 S.86E-01 ± 1.16E-02 0.873 0.127 60 ± 2 34 ± 1 4.842 ± 0.11 ---
743-23 8.96E-04 ± 5.55E-OS 1.89E-02 ± 3.09E-03 6.60E-Q4 ± 6.02E-05 5.17E-01 ± 4.24E-03 0.868 0.132 70 ± 1 35 ± 1 5.014 ± 0.35 ---
743-24 7.92E-04 ± 9.99E-06 2.05E-02 ± 1.47E-03 7 .64E-04 ± 2.S3E-05 4.66E-01 ± 1.99E-03 0.825 0.17S 58 ± 1 26 ± 0 4.214 ± 0.10 4.292 
743-25 8.97E-04 ± 2.1 OE-05 1.76E-02 ± 1.55E-03 6.0SE-04 ± 2.11 E-05 S.17E-01 ± 3.2SE-03 0.882 0.118 S2 ± 1 26 ± 1 S.098 ±0.15 ---
743-27 9.59E-04 ± 1.93E-OS 3.76E-02 ± 1.74E-03 1.41 E-03 ± 6.94E-05 4.88E-01 ± 2.70E-03 - 0.294 56 ± 1 27 ± 0 4.362 ± 0.13 4.440 
743-29 1.36E-03 ± 2.60E-OS 8.93E-02 ± 2.87E-03 2.56E-03 ± 8.67E-OS 6.05E-01 ± 1.11 E-02 0.471 0.529 87 ± 2 52 ± 1 4.142 ± 0.1 S 4.220 
743-30 9.03E-04 ± 1.37E-05 2.50E-02 ± 1.62E-03 9.98E-04 ± S.20E-05 4.70E-01 ± 7.SSE-03 0.809 0.191 74 ± 1 34 ± 1 4.712 ± 0.12 ---
799-Ql S.99E-04 ± 1.22E-05 6.3SE-03 ± 4.35E-04 2.29E-04 ± 9.90E-06 1.01432 ± 3.17E-02 0.962 0.038 72 ± 4 71 ± 5 3.71 ± 0.08 3.79 
799-02 5.62E-04 ± 1.12E-OS 6.98E-03 ± 4.83E-04 2.60E-04 ± 1.11 E-05 9.99E-01 ± 2.02E-02 0.946 0.054 80 ± 4 78 ± 4 3.42 ± 0.07 3.50 
799-04 5.96E-04 ± 1.16E-OS 8.00E-03 ± 6.28E-04 3.1 OE-04 ± 2.20E-05 5.79E-01 ± 2.92E-03 0.937 0.063 3S ± 0 20 ± 0 3.60 ± 0.08 3.68 
799-05 5.97E-04 ± 9.08E-06 7.29E-03 ± 5.76E-04 2.85E-04 ± 1 .23E-05 6.14E-01 ± 4.13E-03 0.948 0.0S2 43 ± 1 26 ± 0 3.65 ± 0.06 3.73 
799-06 5.76E-04 ± 8.61 E-06 6. 7 4E-03 ± 5.17E-04 3.15E-04 ± 1.41 E-05 5.78E-01 ± 3.15E-03 0.952 0.048 40 ± 0 23 ± 0 3.53 ± 0.06 3.61 
799-07 6.13E-04 ± 9.26E-06 8.17E-03 ± 4. 76E-04 2.84E-04 ± 1.23E-05 7.22E-01 ± 9.70E-03 0.938 0.062 39 ± 0 27 ± 0 3.71 ± 0.06 3.79 
799-08 5.95E-04 ± 1.08E-05 9.19E-03 ± 5.78E-04 2.99E-04 ± 1.11 E-05 6.70E-01 ± 7.53E-03 0.919 0.081 34 ± 0 22 ± 0 3.52 ± 0.07 3.60 
799-09 5.75E-04 ± 8.72E-06 5.26E-03 ± 3.69E-04 2.26E-04 ± 9.14E-06 8.69E-01 ± 6.26E-03 0.975 0.025 54 ± 1 46 ± 1 3.61 ± 0.06 3.69 
799-10 5.99E-04 ± 1.58E-05 8.51 E-03 ± 1.14E-03 2.80E-04 ± 2.69E-05 7.59E-01 ± 3.98E-03 0.930 0.070 37 ± 0 27 ± 0 3.59 ± 0.1 1 3.67 
799-11 5.80E-04 ± 1.07E-05 6.1 OE-03 ± 4.61 E-04 2.65E-04 ± 1 .3SE-05 5.35E-01 ± 8.93E-03 0.963 0.037 44 ± 1 23 ± 1 3.60 ± 0.07 3.68 
799-12 6.03E-04 ± 7.57E-06 S.66E-03 ± 3.S9E-04 2.20E-04 ± 7.20E-06 8.77E-01 ± 9.29E-03 0.973 0.027 S9 ± 1 Sl ± 1 3.78 ± o.os ---
799-13 5.7SE-04 ± 7.94E-06 5.80E-03 ± 2.84E-04 2.25E-04 ± 5.61 E-06 8.94E-01 ± 5.55E-03 0.967 0.033 67 ± 0 58 ± 0 3.58 ± 0.05 3.66 
799-14 S.69E-04 ± 9.15E-06 7.57E-03 ± 4.45E-04 2.51E-04 ± 7.47E-06 8.27E-01 ± 4.88E-03 0.938 0.062 60 ± 1 49 ± 1 3.44 ± 0.06 3.52 
799-16 5.93E-04 ± 9.07E-06 8.25E-03 ± 5.36E-04 3.26E-04 ± l .SOE-OS S.4SE-01 ± 2.65E-03 0.932 0.068 53 ± 0 28 ± 0 3.56 ± 0.06 3.64 
799-17 5.90E-04 ± 1.19E-05 9.57E-03 ± 8.44E-04 3.2SE-04 ± 1.66E-05 S.49E-01 ± 7.S3E-03 0.912 0.088 61 ± 1 33 ± 1 3.46 ± 0.08 3.54 
799-18 6.18E-04 ± 6.23E-06 7 .41 E-03 ± 3.83E-04 2.74E-04 ± 9.06E-06 9.19E-01 ± 1.73E-02 0.950 0.050 112 ± 3 100 ± 3 3.78 ± 0.04 ---
799-19 6.53E-04 ± 1.43E-05 1.07E-02 ± 6.56E-04 3.22E-04 ± 1.39E-OS 8.l?E-01 ± 5.10E-03 0.910 0.090 86 ± 2 68 ± 2 3.83 ± 0.09 ---
799-20 5.78E-04 ± 1.04E-05 7.41 E-03 ± 6.80E-04 2.61E-04 ± 1.22E-05 S.81E-01 ± 3.77E-03 0.942 0.058 69 ± 2 39 ± 1 3.51 ± 0.07 3.59 
799-21 6.28E-04 ± 1.17E-05 1.09E-02 ±7.lOE-04 3.80E-04 ± 2.41 E-05 5.58E-01 ± 3.18E-03 0.901 0.099 61 ± 1 33 ± 0 3.65 ± 0.08 3.73 
Appendix A4 A4-7 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample 206pb I 238tJ 201Pb I z35t1 zoaPb I z3zlh z32Th I 238tJ f-206 f-207 u Th 2osPb/238u age Age* 
799-22 6.09E-04 ± 2.57E-05 8.96E-03 ± 9.94E-04 4.04E-04 ± 4.96E-05 5.22E-01 ± 3.24E-03 0.925 0.075 73 ± 1 37 ± 1 3.63 ± 0.16 3.71 
799-23 6.20E-04 ± l .88E-05 6.42E-03 ± 7 .1 5E-04 2.87E-04 ± 2.11 E-05 7.00E-01 ± 3.39E-03 0.964 0.036 60 ± 0 41 ± 0 3.86 ± 0.12 3.93 
799-24 5.75E-04 ±2.12E-05 7.93E-03 ± 7.06E-04 3.22E-04 ± 3.58E-05 4.81E-01 ± 2.89E-03 0.933 0.067 51 ± 0 24 ± 0 3.46 ± 0.13 3.54 
799-25 5.88E-04 ± 1.73E-05 7 .54E-03 ± 7 .13E-04 2.89E-04 ± 1.35E-05 7.27E-01 ± 3.74E-03 0.942 0.058 68 ± 0 48 ± 0 3.57 ± 0.11 3.65 
799-26 5. 79E-04 ± 7 .92E-06 7.84E-03 ± 4.55E-04 2.70E-04 ± 1.28E-05 7.08E-01 ± 2.89E-03 0.936 0.064 83 ± 2 57 ± 1 3.49 ± 0.05 3.57 
799-28 5.72E-04 ± 9.09E-06 7 .1 OE-03 ± 5.38E-04 2.84E-04 ± 1.20E-05 5.53E-01 ± 1.85E-03 0.946 0.054 71 ± 0 38 ± 0 3.49 ± 0.06 3.56 
799-29 6.08E-04 ± 1.18E-05 1.21 E-02 ± 7 .90E-04 3.90E-04 ± 1.76E-05 7.02E-01 ± 1.16E-02 0.878 0.122 63 ± 1 43 ± 1 3.44 ± 0.08 3.52 
799-30 5.82E-04 ± 8.92E-06 5.56E-03 ± 5.47E-04 2.23E-04 ± 1.24E-05 7.44E-01 ± 5.99E-03 0.971 0.029 109 ± 1 79 ± 1 3.65 ± 0.06 3.72 
799-31 6.07E-04 ± 7.37E-06 8.17E-03 ± 9.1 5E-04 2.95E-04 ± 1.65E-05 6.23E-01 ± 8.68E-03 0.937 0.063 104 ± 3 63 ± 2 3.67 ± 0.07 3.74 
799-32 5.90E-04 ± 8.94E-06 7.41 E-03 ± 4.58E-04 2.71E-04 ± 1.07E-05 8.01 E-01 ± 1.11 E-02 0.945 0.055 96 ± 2 75 ± 2 3.59 ± 0.06 3.67 
799-34 6.08E-04 ± 1.14E-05 7 .67E-03 ± 3.99E-04 2.96E-04 ± 1.40E-05 7.32E-01 ± 2.75E-03 0.944 0.056 109 ± 3 78 ± 2 3.70 ± 0.07 3.78 
855-01 7 .54E-04 ± 9.84E-06 1.70E-02 ± 5.54E-03 3.12E-04 ± 1.21 E-05 6.37E-01 ± 4.76E-03 0.855 0.145 25 ± 0 16 ± 0 4.15 ± 0.32 ---
855-02 7.39E-04 ± 5.18E-06 7.23E-03 ± 4.19E-04 3.03E-04 ± 8.37E-06 5.23E-01 ± 1.65E-03 0.969 0.031 34 ± 0 17 ± 0 4.62 ± 0.04 4.70 
855-04 7 .64E-04 ± 7 .57E-06 8.68E-03 ± 4.75E-04 3.21E-04 ± 1.46E-05 5.99E-01 ± 7.71E-03 0.955 0.045 34 ± 0 20 ± 0 4.70 ± 0.05 4.78 
855-05 8.07E-04 ± 7.33E-06 1.14E-02 ± 5.24E-04 4.09E-04 ± 1.45E-05 6.27E-01 ± 4.SlE-03 0.931 0.069 31 ± 1 19 ± 0 4.84 ± 0.05 4.92 
855-06 8.63E-04 ± 3.79E-05 1.88E-02 ± 1.88E-03 6.59E-04 ± 9.93E-05 6.61 E-01 ± 5.12E-03 0.862 0.138 42 ± 0 27 ± 0 4.79 ± 0.23 4.87 
855-07 7.60E-04 ± 1.30E-05 6.64E-03 ± 3.48E-04 2.76E-04 ± 6.89E-06 7.03E-01 ± 8.59E-03 0.979 0.021 100 ± 1 68 ± 1 4.79 ± 0.08 4.87 
855-09 8.87E-04 ± 2.25E-05 2.35E-02 ± 1.83E-03 8.06E-04 ± 4.86E-05 5.48E-01 ± 3.82E-03 0.820 0.180 60 ± 1 32 ± 0 4.69 ± 0.1 6 4.77 
855-10 8.60E-04 ± 1.28E-05 1.34E-02 ± 4.97E-04 4.3SE-04 ± 1.80E-05 6.2SE-01 ± 6.18E-03 0.918 0.082 48 ± 1 30 ± 0 5.09 ± 0.08 ---
855-11 8.17E-04 ± 1.24E-05 9.87E-03 ± 4.98E-04 4.11 E-04 ± 1.99E-05 S.25E-01 ± 2.04E-03 0.949 0.051 46 ± 0 24 ± 0 5.00 ± 0.08 --
855-12 7.69E-04 ± 9.63E-06 1.08E-02 ± 5.74E-04 4.34E-04 ± 2.21 E-05 S.52E-01 ± 6.61E-03 0.932 0.068 85 ± 2 46 ± 1 4.62 ± 0.07 4.70 
855-13 7.8SE-04 ± 2.49E-05 7.30E-03 ± 5.91E-04 3.17E-04 ± 4.54E-05 5.62E-01 ± 5.25E-03 0.974 0.026 43 ± 1 23 ± 0 4.93 ± 0.16 5.01 
855-14 7.SOE-04 ± 1.35E-05 8.75E-03 ± 7.38E-04 3.58E-04 ± 2.56E-05 4.92E-01 ± 8.44E-03 0.953 0.047 60 ± 1 29 ± 1 4.60 ± 0.09 4.68 
855-15 7 .99E-04 ± 1. 7 4E-05 1.66E-02 ± 1.24E-03 5.46E-04 ± 5.36E-05 S.17E-01 ± 7.95E-03 0.871 0.129 60 ± 1 30 ± 1 4.48 ± 0.12 4.56 
855-17 9.09E-04 ± 1.62E-05 2.59E-02 ± 1.45E-03 8.73E-04 ± 6.06E-05 5.61 E-01 ± 8.35E-03 0.802 0.198 78 ± 2 43 ± 1 4.70 ± 0.12 4.78 
855-21 9.21 E-04 ± 4.83E-05 2.66E-02 ± 1.97E-03 7.38E-04 ± 3.14E-05 6.66E-01 ± 7.03E-03 0.798 0.202 78 ± 1 51 ± 1 4.74 ± 0.26 --
855-22 8.17E-04 ± 1.34E-05 1 .60E-02 ± 1.83E-03 6.4SE-04 ± 1.24E-04 4.94E-01 ± 4.45E-03 0.882 0.118 58 ± 1 28 ± 0 4.64 ± 0.13 4.72 
855-24 8.01 E-04 ± 1.52E-05 1.09E-02 ± 6.47E-04 4.30E-04 ± 1.15E-05 4.29E-01 ± 1.54E-03 0.936 0.064 so ± 1 21 ± 1 4.83 ± 0.10 4.91 
855-25 7.40E-04 ± 1.33E-05 9.42E-03 ± 8.80E-04 2.91E-04±1.21E-05 9.78E-01 ± 1.98E-02 0.943 0.057 119 ± 4 114 ± 5 4.50 ± 0.10 4.58 
855-26 1.03E-03 ± 8.07E-05 2.52E-02 ± 3.07E-03 5.83E-04 ± 2.44E-05 7.81E-01 ± 9.03E-03 0.839 0.161 43 ± 1 33 ± 1 5.60 ± 0.46 --
855-27 1.00E-03 ± 1.64E-05 3.68E-02 ± 1.70E-03 1.00E-03 ± 3.95E-05 6.68E-01 ± 2.21 E-03 0.729 0.271 56 ± 0 37 ± 0 4.72 ± 0.12 4.79 
855-28 7.39E-04 ± S.37E-06 6.42E-03 ± 1. 77E-04 2.71E-04 ± 8.59E-06 7.46E-01 ± 8.86E-03 0.979 0.021 135 ± 3 98 ± 2 4.66 ± 0.04 4.74 
855-29 7.78E-04 ± 1.23E-05 8.95E-03 ± 4.56E-04 3.96E-04 ± 1.33E-05 5.55E-O 1 ± 1.60E-02 0.954 0.046 76 ± 4 41 ± 2 4.78 ± 0.08 4.86 
855-30 1.03E-03 ± 4.82E-05 3.67E-02 ± 3.51 E-03 1.36E-03 ± 1.57E-04 6.30E-01 ± 1.77E-02 0.737 0.263 59 ± 4 36 ± 2 4.87 ± 0.29 --
875-01 4.72E-04 ± 2.63E-06 3.39E-03 ± 6.43E-05 1.45E-04 ± 9.15E-07 2.14606 ± 1.58E-02 0.993 0.007 412 ± 5 862 ± 13 3.02 ± 0.02 3.10 
875-02 S.04E-04 ± 8.89E-06 5.57E-03 ± 2.81E-04 2.36E-04 ± 1.64E-05 7.33E-01 ± 1.49E-02 0.958 0.042 54 ± 1 38 ± 1 3.11 ± 0.06 3.19 
875-03 5.16E-04 ± 5.67E-06 S.47E-03 ± 3.46E-04 2.00E-04 ± 5.67E-06 8.lSE-01 ±9.16E-03 0.962 0.038 39 ± 1 31 ± 1 3.20 ± 0.04 3.28 
875--04 5.09E-04 ± 5.99E-06 7 .OOE-03 ± 2.88E-04 2.19E-04 ± 5.06E-06 8.41E-01 ± 7.97E-03 0.934 0.066 46 ± 1 38 ± 1 3.07 ± 0.04 3.14 
875-06 5.26E-04 ± 7.2SE-06 5.78E-03 ± 3.91 E-04 2.23E-04 ± 5.97E-06 8.39E-01 ± 8.31 E-03 0.959 0.054 37 ± 1 31 ± 1 3.25 ± 0.05 --
875-095 S.42E-04 ± 1.91 E-05 6.75E-03 ±4.19E-04 2.24E-04 ± 9.28E-06 8.75E-01 ± 9.23E-03 0.946 0.324 31 ± 1 26 ± 1 3.31 ± 0.12 3.38 
875-07 1. l 7E-03 ± 5.1 OE-05 7 .09E-02 ± 4.85E-03 2.24E-03 ± 1.81E-04 6.28E-01 ± 1.42E-02 0.514 0.041 23 ± 1 14 ± 1 3.87 ± 0.27 --
875-08 5.32E-04 ± 1.03E-05 7 .13E-03 ± 4.SOE-04 2.72E-04 ± 2.13E-05 7.18E-01 ± 1.17E-02 0.937 0.486 39 ± 1 28 ± 1 3.21 ± 0.07 3.30 
875-09 6.61 E-04 ± 1.15E-05 2.81E-02 ± 1.13E-03 7.94E-04 ± 1.68E-05 6.63E-01 ± 8.56E-03 0.676 0.063 38 ± 1 24 t 1 2.88 t 0.08 --
875-10 8.22E-04 ± 1.45E-05 4.24E-02 ± 2.19E-03 1.23E-03 ± 5.20E-05 6.21E-01 t 4.94E-03 0.596 0.404 34 ± 0 21 ± 0 3.16 ± 0.13 3.24 
875-11 S.28E-04 ± 1.32E-05 6.52E-03 ± 7 .23E-04 2.14E-04 ± 1 .04E-05 8.89E-01 ± 3.04E-02 0.946 0.054 43 ± 3 37 ± 3 3.22 ± 0.09 3.29 
875-12 5.11 E-04 ± 5.91 E-06 5.47E-03 ± 3.02E-04 1.91 E-04 ± 5.01 E-06 8.58E-O 1 ± 3.68E-03 0.961 0.039 53 ± 0 44 ± 0 3.16 ± 0.04 3.24 
875-13 4. 76E-04 ± 1.64E-06 3.45E-03 ± 6. 79E-05 1.54E-04 t 8.35E-07 1.29569 ± 2.22E-02 0.992 0.008 877 ± 9 1107 ± 22 3.04 ± O.Ql 3.12 
875-14 4.53E-03 ± 2.80E-04 4.60E-01 t 2.97E-02 1.14E-02 ± 7.49E-04 7.0lE-01 ± 3.28E-03 0.148 0.852 39 ± 1 27 ± 0 4.33 ± 0.56 --
Appendix A4 A4-8 
Whole-rock zircon 238 U- 206 Pb laser ablation ICP-MS age data 
Sample 206pb I 238t.J 201Pb I z35u zoapb I z32Th mTh I 238t.J f-206 f-207 u Th 206pb/238t.J age Age* 
875-15 5.60E-04 ± 2.34E-05 9.56E-03 ± 8.24E-04 2.62E-04 ± 1.70E-05 7.53E-01 ± 7.67E-03 0.904 0.096 37 ± 0 27 ± 0 3.26 ± 0.14 ---
875-17 5.76E-04 ± 1.67E-05 7.41 E-03 ± J.87E-03 2.23E-04 ± 1.35E-05 8.64E-01 ± 5.54E-03 0.942 0.058 70 ± 1 59 ± 1 3.49 ± 0. 15 ---
875-18 5.80E-04 ± 6.73E-06 1.25E-02 ± 6.91 E-04 3.30E-04 ± 9.80E-06 8.52E-01 ± 5.78E-03 0.864 0.1 36 47 ± 1 39 ± 1 3.23 ± 0.05 3.30 
875-19 5.58E-04 ± 1.26E-05 8.48E-03 ± 4.69E-04 2.90E-04 ± 1.08E-05 6.54E-01 ± 5.56E-03 0.921 0.079 36 ± 0 23 ± 0 3.31 ± 0.08 --
875-20 4.93E-04 ± 6.19E-06 6.90E-03 ± 7 .33E-04 2.02E-04 ± 5.98E-06 8.48E-01 ± 2.61 E-03 0.932 0.068 73 ± 1 61 ± 1 2.96 ± 0.06 3.04 
875-21 5.30E-04 ± 1.11 E-05 8.02E-03 ± 5.21 E-04 2.67E-04 ± 1.84E-05 8.12E-01 ± 1.92E-02 0.921 0.079 45 ± 1 36 ± 1 3.15 ± 0.07 3.23 
875-22 1.13E-02 ± 5.19E-04 1.38E+OO ± 8.32E-02 4.70E-02 ± 1.51E-03 4.72E-01 ± 1.90E-02 1.000 1.037 1 ± 0 0 ± 0 72.33 ± 3.08 ---
875-23 5.41 E-04 ± 8.05E-06 9.05E-03 ± 5.04E-04 3.19E-04 ± J.33E-05 6.82E-01 ± 4.70E-03 0.907 0.093 43 ± 0 28 ± 0 3.16 ± 0.05 3.24 
875-25 4.91 E-04 ± 1.0BE-05 2.21 E-02 ± 1. 7 4E-02 1.86E-04 ± 7 .11 E-06 9.19E-01 ± 5.46E-02 0.655 0.345 323 ± 14 289 ± 21 2.07 ± 1.00 ---
875-29 5.46E-04 ± 1.24E-05 9.34E-03 ± 8.97E-04 2.50E-04 ± 9.40E-06 7.12E-01 ± 5.99E-03 0.904 0.096 50 ± 1 35 ± 1 3.18 ± 0.09 3.26 
875-30 5.11 E-04 ± 6. 7 4E-06 9.88E-03 ±4.21E-04 2.56E-04 ± 9.79E-06 1.03172 ± 1.29E-02 0.884 0.116 73 ± 2 73 ± 2 2.91 ± 0.04 2.99 
956-01 6.08E-04 ± 1.04E-05 7.43E-03 ± 5.39E-04 2.65E-04 ± 1.20E-05 6.21 E-01 ± 5.56E-03 0.948 0.052 27 ± 0 17 ± 0 3.71 ± 0.07 3.79 
956-02 5.85E-04 ± 7 .28E-06 7 .34E-03 ± 4.69E-04 2.74E-04 ± 8.26E-06 8.80E-01 ± 7.70E-03 0.945 0.055 33 ± 0 28 ± 0 3.56 ± 0.05 3.64 
956-03 5.97E-04 ± 9.48E-06 7.97E-03 ± 4.27E-04 2.87E-04 ± 9.41 E-06 7.43E-01 ± 4.66E-03 0.937 0.063 35 ± 0 25 ± 0 3.60 ± 0.06 3.68 
956-05 6. 77E-04 ± 1. 19E-05 1.27E-02 ± 8.46E-04 4.04E-04 ± 2.24E-05 7 .56E-01 ± 3.45E-03 0.890 0.110 33 ± 1 24 ± 1 3.88 ± 0.08 ---
956-06 6.43E-04 ± 1.52E-05 1.09E-02 ± 8.36E-04 3.38E-04 ± 1.34E-05 8.72E-01 ± 7.22E-03 0.905 0.095 39 ± 1 33 ± 1 3.75 ±0.10 3.83 
956-07 5.90E-04 ± 9.55E-06 1.12E-02 ± 6.72E-04 3.71E-04±1 .38E-05 7.26E-01 ± 1.25E-02 0.887 0.113 36 ± 1 26 ± 1 3.37 ± 0.07 ---
956-08 6.33E-04 ± 9.42E-06 8.97E-03 ± 5.90E-04 3.1 ZE-04 ± 1.28E-05 8.90E-01 ± 1.78E-02 0.930 0.070 45 ± 1 39 ± 1 3.80 ± 0.07 ---
956-09 5.78E-04 ± 8.30E-06 5.73E-03 ± 4.26E-04 2.16E-04 ± 6.74E-06 1.06332 ± 9.06E-03 0.968 0.032 109 ± 4 113 ± 4 3.61 ± 0.06 3.68 
956-10 5.98E-04 ± 1.57E-05 6.65E-03 ± 4.30E-04 2.35E-04 ± 8.17E-06 9.95E-01 ± 1.99E-02 0.957 0.043 113 ± 5 109 ± 6 3.69 ±0.10 3.77 
956-12 6.1 2E-04 ± 1.00E-05 8.71E-03 ± 5.72E-04 3.16E-04 ± 1.31 E-05 7.12E-01 ± 5.16E-03 0.930 0.070 47 ± 1 33 ± 1 3.67 ± 0.07 3.74 
956-13 6.05E-04 ± 8.42E-06 6.72E-03 ± 5.32E-04 2.97E-04 ± 1.39E-05 7.27E-01 ± 3.84E-03 0.957 0.043 63 ± 1 45 ± 1 3.73 ± 0.06 3.81 
956-14 6.14E-04 ± 1.08E-05 9.51 E-03 ± 6.89E-04 3.05E-04 ± 1.45E-05 6.55E-01 ± 2.85E-03 0.918 0.082 47 ± 1 30 ± 0 3.63 ± 0.07 3.71 
956-15 6.06E-04 ± 1.1 ZE-05 7.50E-03 ± 6.71 E-04 2.96E-04 ± 1.55E-05 8.49E-01 ± 7.31E-03 0.946 0.054 56 ± 0 47 ± 0 3.69 ± 0.08 3.77 
956-17 5.95E-04 ± 9.91E-06 6.22E-03 ± 4.49E-04 2.68E-04 ± 1.24E-05 9.24E-01 ± 2.64E-02 0.963 0.037 87 ± 6 79 ± 5 3.69 ± 0.07 3.77 
956-18 6.12E-04 ± 9.68E-06 9.38E-03 ± 5.41 E-04 3.05E-04 ± 1.29E-05 9.06E-01 ± 1.88E-02 0.920 0.080 84 ± 3 74 ± 3 3.63 ± 0.06 3.70 
956-19 5.81 E-04 ± 8.08E-06 7.05E-03 ± 3.78E-04 2.61 E-04 ± 8.69E-06 6.82E-01 ± 6.68E-03 0.948 0.052 91 ± 1 60 ± 1 3.55 ± 0.05 3.63 
956-20 6.1 5E-04 ± 8.84E-06 8.22E-03 ± 5.03E-04 3.32E-04 ± 9.89E-06 6.12E-01 ± 6.97E-03 0.937 0.063 77 ± 2 46 ± 1 3.72 ± 0.06 3.80 
956-21 5.71E-04 ± 9.72E-06 7.75E-03 ± 4.78E-04 2.84E-04 ± 1.07E-05 8.18E-01 ± 7.02E-03 0.936 0.064 77 ± 1 62 ± 1 3.44 ± 0.06 3.52 
956-22 5.90E-04 ± 1.36E-05 9.64E-03 ± 8.70E-04 2.94E-04 ± 1.39E-05 7.34E-01 ± 5.69E-03 0.911 0.089 64 ± 0 46 ± 0 3.46 ± 0.09 3.54 
956-23 5. 7 4E-04 ± 8.16E-06 6.88E-03 ± 4.35E-04 2.21 E-04 ± 9.01 E-06 8.62E-01 ± 1.28E-02 0.950 0.050 105 ± 2 88 ± 2 3.51 ± 0.06 3.59 
956-24 5.46E-04 ± 1.55E-05 6.80E-03 ± 7.14E-04 2.09E-04 ± 1.1 ?E-05 9.71E-01 ± 4.63E-03 0.945 0.055 127 ± 2 120 ± 2 3.33 ± 0.10 ---
956-25 5.75E-04 ± 9.41E-06 6.51 E-03 ± 4.89E-04 2.50E-04 ± 9.63E-06 8.50E-01 ± 1.13E-02 0.956 0.044 101 ± 3 84 ± 3 3.54 ± 0.06 3.62 
956-26 5. 77E-04 ± 7 .52E-06 7 .50E-03 ± 4.43E-04 2.76E-04 ± 9.46E-06 6.45E-01 ± 3.36E-03 0.941 0.059 84 ± 1 53 ± 1 3.50 ± 0.05 3.57 
956-27 5.83E-04 ± 1.1 OE-05 8.27E-03 ± 5.31 E-04 2.82E-04 ± J.50E-05 6.07E-01 ± 2.1 OE-03 0.930 0.070 105 ± 1 62 ± 0 3.49 ± 0.07 3.57 
956-29 5. 76E-04 ± 1.09E-05 5.95E-03 ± 5.16E-04 2.61 E-04 ± 1.70E-05 5.86E-01 ± 3.11 E-03 0.964 0.036 85 ± 2 49 ± 1 3.58 ± 0.07 3.66 
956-30 6. 77E-04 ± 1.94E-05 1.85E-02 ± 1.48E-03 6.26E-04 ± 4.09E-05 4.96E-01 ± 8.20E-03 0.813 0.187 65 ± 2 31 ± 1 3.54±0.13 3.62 
956-31 5.80E-04 ± 9.85E-06 7 .69E-03 ± 5.00E-04 2.94E-04 ± 1.22E-05 6.34E-01 ± 2.59E-03 0.938 0.062 86 ± 1 53 ± 0 3.51 ± 0.07 3.58 
972-01 3.04E-04 ± 1.04E-05 4.99E-03 ± 7 .33E-04 1.69E-04 ± 1.56E-05 7.57E-01 ± 5.3 1E-03 0.910 0.090 45 ± 0 33 ± 0 1.78 ± 0.07 1.86 
972-02 3.74E-04 ± 9.39E-06 1.23E-02 ± 1.27E-03 3.17E-04 ± 2.14E-05 7.61 E-01 ± 9.77E-03 0.762 0.238 100 ± 1 74 ± 1 1.84 ± 0.08 1.91 
972-03 3.39E-04 ± 6.1 OE-06 1.29E-02 ± 7 .86E-04 3.18E-04 ± 1.25E-05 9.0ZE-01 ± 3.89E-03 0.717 0.283 37 ± 1 33 ± 1 1.57 ± 0.05 1.64 
972-06 1.68E-03 ± 6.86E-05 1.72E-01 ± 8.12E-03 4.37E-03 ± 2.30E-04 7. llE-01 ± 1.36E-02 0.140 0.860 70 ± 1 48 ± 1 1.52 ± 0.24 1.59 
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Appendix 81 81-1 
Synthesis of Whole-Rock Glasses for Laser Ablation /GP-MS Analysis 
Procedure to Synthesise Whole-Rock Glasses for LA-ICP-MS Analysis 
a) A platinum crucible was cleaned by melting two consecutive batches of LiB02 flux in the crucible, 
thus allowing any contaminants on the walls of the crucible to diffuse into the LiB02 flux melt. On 
each occasion the molten flux was discarded and remnants of quenched flux removed by 
dissolution in de-ionised water. 
b) A >20 gram batch ofLiB02 flux, sufficient to synthesise 60 whole-rock samples, was heated in the 
clean platinum crucible at 500°C for 5 hours to drive off loosely absorbed moisture. The 
dehydrated flux was stored in a desiccator prior to use. 
c) The clean/dry platinum crucible and a container of sr,ike solution were weighed and the weights 
recorded. The spike solution contained 3.28 ppm 23 U and 109.7 ppm 169Tm as determined by 
solution ICP-MS analysis. The concentration of spike elements was selected so that they were at 
least 100 times more abundant than any naturally occurring equivalent within the rock, in order to 
ensure that introduced errors due to spike dilution by natural U235 and Tm 169 were maintained at 
less than 1 %. 
d) Approximately 10 grams of LiB02 flux was weighed into the platinum crucible, with the weight 
recorded to the nearest 0.1 milligram. Approximately 10 grams of spike solution was added to the 
initial flux aliquot. The exact weight of the added spike solution was determined by the weight of 
the spike solution vial both before and after transfer of the spike solution. A subsequent aliquot of 
LiB02 flux was then weighed into the crucible so that the total weight of the two flux aliquots was 
twice the weight of the added spike solution. 
e) The final total weight of the crucible-flux-spike solution was recorded prior to drying the mixture 
in a fan-forced oven over five temperature increments ranging up to 200°C . The drying times are 
listed below. At the end of each drying cycle, the sample was allowed to cool, and the percentage 
moisture loss from the spike solution was calculated. 
i) 90°C for 18.3 hours 27% water lost. 
ii) 140°C for 19.6 hours 62% water lost 
iii) 160°C for 17.0 hours 79% water lost 
iv) 180°c for 20.0 hours 82% water lost 
v) 200°c for 44.0 hours 87% water lost 
The final dehydration of the spiked flux powder was conducted in a furnace using the following 
temperature increments. 
vi) 
vii) 
250°C for 1 hour 
300°C for 45 minutes 
92% water lost 
98% water lost 
f) After controlled loss of 98% of the initial moisture content, the spiked flux was heated to 500°C for 
15 minutes and then to fusion at 1000°C for 30 minutes. 
g) The molten spiked flux was quenched, by immersing the sides of the crucible in de-ionised water, 
while ensuring that the contained spiked flux remained dry. This ensured that the lithium borate did 
not become contaminated with the quench water, and to circumvent a repeated long drying 
procedure since LiB02 is strongly hydrophyllic. The spiked flux glass was briefly milled in an 
agate mill for one minute. 
h) The milled powder was re-melted in a clean platinum crucible using the temperature increments 
listed below, after which step g) was repeated. The flux was melted a second time to ensure 
homogeneous distribution of the spike elements in the flux glass. 
i) 300°C 5 minutes, ii) 500°C 5 minutes, iii) 1000°C 1 hour. 

Appendix 81 81-2 
Synthesis of Whole-Rock Glasses for Laser Ablation /GP-MS Analysis 
i) The spiked flux powder was stored in a desiccator ready for weighing and combining with 
individual whole-rock powder samples. 
j) For each whole-rock powder sample, approximately 0.6666 grams of rock powder was weighed 
together with approximately 0.3333 grams of spiked lithium borate flux (2: 1 weight ratio) to yield 
a 1.0 gram sample. The samples were weighed on a Mettler AE163 electronic balance and weights 
recorded to the nearest 0.1 µg . Each of the whole-rock and spiked flux powders were then 
homogenised in waxed balance weighing papers prior to fusion. 
k) The furnace was preheated to 1350°C for 1 hour and then allowed to cool to 800°C. 
1) Individually mixed rock and spiked flux powders were transferred to clean graphite crucibles (pre-
washed with de-ionised water) and individually preheated in the furnace at 800°C for 5 minutes 
followed by fusion at 1350°C for 10 minutes. Preheating and fusion was conducted under an argon 
(non-oxidising) atmosphere. After fusion, the graphite crucible and glass bead were quenched in 
water. 
m) The quenched whole rock glasses were rinsed with de-ionised water, inserted into labelled glass 
vials and dried overnight at 90°C in a fan-forced oven. 
n) A glass of the internationally recognised standard Kilauea Basalt (sample 93-1489) was 
synthesised with a 33.3 % lithium metaborate flux component using the same steps j) tom) above. 
This glass served as the principal standard for correction of long-term drift during the analysis of 
samples and ensured that the standard had similar matrix properties to the unknown glasses being 
analysed. 
o) Two fragments of each of the 53 glasses from the Tampakan igneous suite were mounted in epoxy 
disks and polished prior to laser ablation ICP-MS analysis. 
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Synthesis of Whole-Rock Glasses for Laser Ablation /GP-MS Analysis 
Legend for Thin-Section Descriptions 
Plagioclase 
Clinopyroxene 
Hornblende 
Biotite 
Apatite 
Magnetite 
Ilmentite 
Zircon 
Immiscible magmatic sulphide 
Seri cite 
Calcite 
Epidote 
Chlorite 
Magnetite as mineral inclusion 
Apatite and zircon as mineral inclusions 
1 % abundance, in groundmass 
3% abundance, in groundmass and as mineral inclusions 
Trace abundance 
Exsolution texture 
Very fine-grained 
Coarse-grained 
Trachytic texture 
Altered 
Groundmass 
Intergranular texture 
Rims of hornblende phenocrysts altered to dark opaque minerals during resorption. 
Rims of phenocrysts show sharp outlines and lack resorption textures. 
Rims of phenocrysts (hornblende) variably resorbed. 
Locally poikilitic textures. 
82-1 
Clinopyroxene or hornblende phenocrysts with multiple compositional growth zonation. 
Sieve-like textures in plagioclase phenocrysts caused by numerous interlinking melt 
inclusions trapped by sequential and repeated resorption and overgrowth. 
a Hornblende displays irregular resorption textures as it breaks down during transit to the surface, or 
during low pressure fractional crystallisation in a shallow-level magma chamber. 
b Plagioclase displays sieve-like textures comprising intricate, interconnecting melt inclusions either 
within the core or along a central growth band or around the rim, and is attributed to multiple episodes 
of magma mixing which cause resorption, attendant corrosion and subsequent plagioclase overgrowth. 
c Concentric, finely banded, compositional zoning in plagioclase caused by convection within the 
magma chamber. 
d Reversal in crystallisation sequence wherein late-stage biotite is replaced, and/or mantled, by 
hornblende. This reversal is interpreted as reheating of the melt by magma mixing. 
e Plagioclase displays a gradational grainsize from phenocrysts to groundmass and indicates a relatively 
slow cooling rate due to deep emplacement and/or slow ascent to the surface. 
f Porphyritic texture 

Appendix 82 82-2 
Summary of thin-section descriptions 
% Phenocrysts G-M Crystallisation 
Sample Plagloclase Cllnopyroxene Hornblende Blotite A pat Mag llm Zr Text Sequence Comments 
.?tit ill1l.lm. latolusiaas .?tit ill1l.lm. latolusiaas .?tit ill1l.lm. latolusiaas .?tit ill1l.lm. latolusiaas .?tit .?tit .?tit .?tit 
CAU40.>75 Absent 15 Zoned Absent Absent 4(Gm+ln) 1(Gm) Trach Cp (+Pl/Mt/II) f 
EA046376 Absent 12 Zoned Absent Absent 4(Gm) 1(Gm) Cp (+Pl/Mt/II) f 
Glomeristic 
EA012788 40 8 [Mt] Absent Absent O.B(Gm+ln) IG Pl/Cp (+Mt) f 
EA046385 30 8 [Mt] Absent Absent 1.5(Gm+ln) IG f 
CA043207 50 lntergrown-Hb-Cp [Mt-Ap] 8 Pristine Rims [Mt-Ap-PI] 8 Resorb-Rim [Mt-Ap] 0.2 Resorb-Rim 1(1n+Gm) 1(Gm+ln) Trach Ap/Mt/Pl/Hb/Cp (+Bl) a b c f 
Sieve zonation Loc-Poikilitic Opaq-Rims [Ap] 
lntergrown-PI 
EA043209 55 lntergrown-Cp [Mt] 12 Pristine Rims [Mt-Hb] 2 Resorb-Rim [Ap-PI] 0.1 0.3(1n) 3(Gm+ln) vfg Ap/Mt/Pl/Cp/Hb a c f 
Opaq-Rims 
CAU4llD78 50 [Mt-Ap-Zr] 7 Pristine Rims [Ap-Hb] 8 4 Pristine Rims [Mt] 0.1(1n) 2(Gm+ln) tr I Alt I Ap/Mt/Pl/Cp/Hb (+Bt) c d f 
Ep-Ch-Se 
EA045799 50 [Ap] 8 6 Resorb-Rim 0 .1 (1n) 2(Gm) Ap/Mt/Pl/Cp/Hb a b c f 
Opaq-Rims 
EA043212 45 [Mt-Ap] 5 Pristine Rims 15 Pristine Rims [Mt-Ap] 2 Pristine Rims 0.1(1n) 2(Gm) Pl/Cp/Hb (+Bt) b c 
EA043206 75 [Mt] 8 5 0.3(Gm) 2(Gm+ln) tr Alt Pl/Cp/Hb c 
Se-Ca-Ep 
EA045045 40 [Mt-11-Ap] 10 Pristine Rims [Mt-11-Hb?] 4 Resorb-Rim Absent 0.5(1n) 1(Gm+ln) M(Gm+ln) vfg Ap/Mt/11/Pl/Cp/Hb a b c f 
Opaqised I 
.EA043215 55 [Ap-Mt] 5 Pristine Rims [Ap-Mt] 3 Resorb-Rim [Mt] Absent 0.1(1n) 2(Gm+ln) 0.2 Ap/Mt/Pl/Cp/Hb c f 
EA046377 25 [Ap-Zr] Absent 18 Resorb-Rim [Mt] 6 Resorb-Rim [Pl-Mt] 0.2(1n) 1(Gm+ln) tr Trach Pl/Hb (+Bt) a b c f 
Opaq-Rims 
EA045009 50 Gradational size [Hb] Absent 15 Pristine Rims [Pl-Ap] 0.1(1n) 1(Gm) cg Pl/Hb/Mt c e 
Loc-Poikilitic 
EA043214 15 Bimodal grainsize [Hb-Mt] Absent 15 Pristine Rims [Bt-Mt-Zr] 2 Resorb-Rim 3(Gm) 0.1 tr cg Pl/Hb/Mt/Bt b d e f 
Sieve zonation Zoned 
EA043211 40 [Mt-Hb] Absent 10 Pristine Rims Absent 1.5(Gm+ln) cg Pl/Hb/Mt c e f 
Zoned 
EA045003 35 [Ap-Zr] Absent 10 Resorb-Rim 2 Resorb-Rim 0.1(1n) 2(Gm) tr Pl/Hb (+Bt) a c f 
EA043213 10 Bimodal grainsize [Mt] Absent 15 Pristine Rims 2(Gm) cg Pl/Hb/Mt b c f 
Sieve zonation Zoned [Su] 
EA043205 30 [Hb-Ap-Zr] Absent 30 Pristine Rims [Pl-Mt-Ap] 4 Pristine Rims [Pl] 0.1(1n) 2(Gm+ln) 0.3 tr Trach Ap/Mt/Pl/Hb/Zr b c d f 
EA045002 33 [Hb-Ap] Absent 30 Resorb-Rim [Mt-Bt-Ap] 2 0.2(1n) 1.5(Gm+ln 1 Ap/Mt/Pl/Hb (+Bt) a b c d f 
Opaq-Rims (Exs) (Exs) 

Appendix 83 83-1 
XRF and Laser Ablation /GP-MS Analyses of Major-, Minor- and Trace-Elements in Samples from the Tampakan District 
Sample Cycle Age Age Sequence Location Northing Easting RL 
Pll 01lcploplHblBt 
Comments 
Range (Ma) metres metres metres 
(ASL) 
PA012788 Mid-Miocene Basement S'Dawag 728700 501450 490 Pl Cp 
EA045800 Mid-Miocene Basement Abnate 725550 516850 370 
EA046388 Mid-Miocene Basement Dalal Blau 727350 500380 295 
EA046387 Mid-Miocene Basement Dalal Blau 727350 500380 295 
EA046376 Mid-Miocene Basement Lam-alis 725810 501310 270 Cp 
EA046385 Mid-Miocene Basement S'Dawag 728800 501300 470 Pl Cp 
EA046375 Mid-Miocene Basement Dalal Blau 728800 499660 200 Cp 
EA045031 Mid-Miocene Basement Polo 19 723600 499450 Weathered 
EA043228 1 Late-Miocene 8.42 TAS Drill-grid 716264 505644 833 Tmpd8:544.0 
TMPD 57 1 Mid-Pliocene TAS Drill-grid 717236 506115 871 Tmpd57:483.5 
DA993948 2a Late-Miocene TAS Polo 19 access 720000 500140 525 
EA045078 2a Late-Miocene TAS Campo Dos 717430 504770 
EA045033 2a Late-Miocene TAS Polo 19 720480 500020 
EA046372 2a Late-Miocene TAS limonso 722180 503655 510 
EA046369 2a Late-Miocene TAS limonso 720300 503560 740 
EA045062 2a Late-Miocene TAS Campo Tres 717450 504610 
EA046320 2b Late-Miocene TAS Little Miasong 716425 500170 440 
EA043209 2b Late-Miocene TAS lsnip 712160 501500 Pl Cp Hb Bt 
EA043207 2b Late-Miocene 6.56 TAS Buayan River 711820 502120 Pl Cp Hb Bl 
EA045026 2b Late-Miocene 6.06 TAS Polo 19 access 720030 500050 
EA043700 3 Late-Miocene 5.37 Early Diorite Drill-grid 716264 505644 795 Tmpd8:560-600 
EA043047 3 Early-Pliocene Early Diorite Drill-grid 715331 505265 867 Tmpd56:336.2 
EA043042 3 Early-Pliocene Early Diorite Drill-grid 715331 505287 902 Tmpd56:295.4 
EA044508 3 Early-Pliocene Early Diorite Drill-grid 716264 505635 848 Tmpd8:526.3 
EA044931 3 Early-Pliocene Early Diorite Drill-grid 715804 504842 791 Tmpd82:393.2 
Altered 
EA046333 4a Mid-Pliocene TAS Upper Pula Balo 717920 500890 470 Weathered 
EA045045 4a Mid-Pliocene TAS Miasong-Magolo 710060 511060 Pl Cp Hb 
EA049678 4a Mid-Pliocene 3.80 TAS Dalal Mangisi 714600 506350 1125 Pl Cp Hb Bl 
EA046338 4a Mid-Pliocene TAS Elibnalil 715910 509185 1260 
EA045799 4a Mid-Pliocene 3.65 TAS Atbol Creek 724200 517500 400 Pl Cp Hb 
EA043212 4a Mid-Pliocene 3.75 Dyke Drill-grid 715322 505128 726 Pl Cp Hb Bl Tmpd47:341 .6 
EA044956 4a Mid-Pliocene 3.67 Syn H-S Diorite Drill-grid 715804 504842 850 Pl Cp Hb Tmpd82:333.0 
EA043223 4a Mid-Pliocene 3.49 Syn H-S Diorite Drill-grid 717236 506115 820 Tmpd57:427.0 
EA043208 4a Mid-Pliocene Dyke Drill-grid 715787 505778 1216 Tmpd43:98.4 
EA043210 4a Mid-Pliocene Dyke Drill-grid 715802 505647 1015 Tmpd46:220.1 
EA043134 4a Mid-Pliocene Dyke Drill-grid 715322 504937 972 Tmpd3:52.7 
EA044587 4a Mid-Pliocene Dyke Drill-grid 714659 505855 895 Tmpd33:154.75 
EA043122 4a Mid-Pliocene Dyke Drill-grid 715308 505154 878 Tmpd25:307.4 
EA043036 4a Mid-Pliocene Dyke Drill-grid 715331 505317 957 Tmpd56:232.6 
EA043206 4a Mid-Pliocene 3.04 Dyke Drill-grid 715787 505672 1032 Pl Cp Hb Tmpd43:311 .45 
EA045003 4b Pleistocene Intrusive Plug Miasong-Magolo 710010 511270 Pl Hb Bt 
EA043211 4b Pleistocene Lambayong Plug Lambayong 710590 496600 Pl Hb 
EA043213 4b Pleistocene Logdeck Andesite Log deck 713300 505620 Pl Hb 
EA045009 4b Pleistocene Lambayong Plug Lambayong 710570 496800 Pl Hb 
EA043214 4b Pleistocene 1.47 Logdeck Andesite Log deck 713300 505620 Pl Hb Bl 
EA043215 4b Pleistocene Lambayong Plug Lambayong SW 710020 495400 Pl Cp Hb 
EA043204 4b Pleistocene 0.59 Nun-Guon Plug Drill-grid 713760 506250 668 Pl Hb Bl Tmpd76:361 .1 
EA046377 4b Pleistocene Lambayong Plug Lambayong NE 711360 497760 360 Pl Hb Bl 
DA993972 4b Pleistocene 1.75 Intrusive Plug 710520 510760 920 
PA011046 4b Pleistocene 1.47 Collected and analysed by F.Sajona (for WMC, 1994). 
PA011048 4b Pleistocene 0.85 Collected and analysed by F.Sajona (forWMC, 1994). Pl Hb 
PA011050 4b Pleistocene 0.86 Collected and analysed by F.Sajona (forWMC, 1994). Pl Hb 
PA011051 4b Pleistocene Collected and analysed by F.Sajona (forWMC, 1994). 
EA043205 5 Quaternary 0-0.4 Matutum Andesite Barrio B'laan 707300 514800 625 Pl Hb Bl 
EA045002 5 Quaternary 0-0.4 Matutum Andesite Miasong 707300 514800 625 Pl Hb Bl 
EA046389 5 Quaternary 0-0.4 Matutum Andesite Miasong 711930 505690 Pl Hb 
EA045017 5 Quaternary 0-0.4 Matutum Andesite lsnip 711900 505700 
-
TAS = Tampakan Andesite Sequence. Pl = plagioclase, 01 =olivine, Cp = clinopyroxene, Op = orthopyroxene, Hb = hornblende, Bl= biotite 
Appendix 83 83-2 
XRF and Laser Ablation /GP-MS Analyses of Major-, Minor- and Trace-Elements in Samples from the Tampakan District 
Sample Si02 Ti02 Al20 3 Fe20 3 FeO MnO MgO Cao Na20 K20 P20s LOI Total 
XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF 
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% 
PA012788 54.52 0.86 16.47 9.67 8.70 0.16 4.43 8.21 3.03 1.36 0.35 0.03 99.08 
EA045800 54.82 0.89 16.20 7.96 7.16 0.13 3.47 8.02 2.97 1.60 0.38 0.02 96.45 
EA046388 54.34 0.80 17.07 8.35 7.51 0.16 5.52 8.88 3.23 1.49 0.31 0.00 100.14 
EA046387 56.42 0.62 15.57 7.39 6.65 0.19 5.59 7.77 2.85 0.83 0.20 0.01 97.43 
EA046376 52.65 0.95 14.91 7.95 7.16 0.14 7.94 9.51 3.16 2.10 0.44 0.01 99.76 
EA046385 54.29 0.90 15.72 9.70 8.73 0.16 4.57 7.83 3.38 1.60 0.36 0.01 98.51 
EA046375 52.43 0.78 15.50 8.41 7.56 0.15 9.45 8.98 3.18 0.92 0.20 0.01 100.00 
EA045031 63.55 0.88 15.76 5.69 5.12 0.09 2.59 1.68 6.28 0.97 0.40 0.01 97.91 
EA043228 54.78 0.68 16.54 7.46 6.71 0.04 5.42 3.71 2.27 2.27 0.17 1.42 94.75 
TMPD 57 56.00 0.59 16.94 7.31 6.57 0.32 4.92 3.81 4.13 1.26 0.14 1.07 96.49 
DA993948 58.14 0.56 15.03 6.17 5.55 0.14 4.77 4.44 4.32 0.81 0.16 0.00 94.53 
EA045078 56.13 0.59 16.96 7.08 6.37 0.55 4.49 5.56 3.93 0.51 0.17 3.59 99.55 
EA045033 57.93 0.56 14.44 6.33 5.70 0.14 4.99 5.12 4.10 0.88 0.16 0.02 94.68 
EA046372 56.71 0.62 15.53 7.25 6.52 0.13 3.99 6.29 4.44 1.55 0.18 0.01 96.69 
EA046369 54.73 0.73 15.96 8.66 7.79 0.14 5.85 9.01 3.07 0.75 0.23 0.01 99.11 
EA045062 56.96 0.60 17.05 7.46 6.72 0.33 3.77 8.40 2.58 0.71 0.17 0.03 98.06 
EA046320 59.38 0.63 18.46 5.51 4.96 0.09 1.95 5.96 4.46 2.24 0.33 0.01 99.01 
EA043209 59.25 0.66 17.72 5.63 5.06 0.09 2.70 6.54 4.50 2.04 0.30 0.02 99.43 
EA043207 57.03 0.61 16.34 6.02 5.42 0.10 4.65 6.95 3.84 1.81 0.27 0.02 97.64 
EA045026 62.00 0.49 16.88 4.55 4.09 0.12 2.71 5.87 4.37 0.22 0.24 0.04 97.49 
EA043700 62.35 0.35 16.70 3.34 3.01 0.03 1.83 3.80 4.98 1.39 0.17 1.45 96.38 
EA043047 62.25 0.43 17.04 4.41 3.97 0.06 2.71 2.39 4.57 1.50 0.21 0.43 96.01 
EA043042 66.00 0.45 16.55 4.77 4.29 0.05 2.11 0.56 3.52 2.57 0.19 0.33 97.08 
EA044508 58.98 0.43 16.32 2.94 2.65 0.04 2.56 4.86 5.24 1.25 0.18 2.13 94.94 
EA044931 56.25 1.41 19.34 6.86 6.18 0.06 2.98 0.81 0.10 4.32 0.27 1.17 93.56 
EA046333 58.83 0.55 18.51 6.95 6.25 0.12 3.48 1.15 2.92 2.04 0.14 0.95 95.63 
EA045045 58.29 0.63 17.57 5.73 5.16 0.12 3.37 6.62 4.36 2.06 0.28 0.01 99.02 
EA049678 60.18 0.66 16.14 5.18 4.66 0.11 3.87 5.13 4.47 2.78 0.28 0.04 98.84 
EA046338 56.66 1.06 16.04 7.25 6.52 0.12 4.63 5.90 3.12 2.31 0.30 0.62 98.01 
EA045799 58.16 0.77 16.80 5.90 5.31 0.09 3.01 6.19 4.20 2.32 0.32 0.01 97.77 
EA043212 62.94 0.55 17.10 4.48 4.03 0.10 1.83 5.01 4.65 2.93 0.28 0.05 99.92 
EA044956 64.76 0.45 16.02 3.69 3.32 0.10 1.46 3.95 4.14 3.28 0.18 0.07 98.10 
EA043223 55.61 0.58 15.93 7.38 6.64 0.14 5.02 4.54 3.49 1.02 0.16 0.75 94.62 
EA043208 58.00 0.67 16.45 5.58 5.02 0.12 2.61 5.61 3.43 2.87 0.28 0.03 95.64 
EA043210 58.45 0.66 16.55 5.29 4.76 0.13 2.42 5.79 3.37 3.22 0.28 0.03 96.18 
EA043134 53.59 0.95 17.03 7.16 6.45 0.17 4.02 4.21 3.74 1.02 0.44 1.95 94.26 
EA044587 51.11 0.98 16.06 7.34 6.61 0.14 5.32 7.21 4.18 1.51 0.32 0.02 94.20 
EA043122 60.07 0.54 16.11 4.17 3.75 0.15 1.67 3.92 2.87 5.34 0.21 0.06 95.10 
EA043036 57.03 0.64 16.20 5.15 4.63 0.12 2.38 5.26 2.90 3.89 0.27 0.01 93.85 
EA043206 58.49 0.68 16.69 5.24 4.72 0.11 2.37 5.45 4.20 2.78 0.26 0.03 96.30 
EA045003 62.93 0.57 16.91 4.41 3.97 0.07 1.84 4.45 4.48 2.42 0.20 0.01 98.29 
EA043211 65.82 0.42 17.51 3.16 2.85 0.05 1.17 4.67 4.80 2.00 0.18 0.01 99.80 
EA043213 62.46 0.57 17.85 4.47 4.02 0.09 2.03 5.49 4.87 1.82 0.25 0.02 99.92 
EA045009 65.50 0.45 17.64 3.28 2.95 0.06 1.07 4.64 4.81 1.98 0.19 0.02 99.63 
EA043214 62.64 0.56 17.80 4.48 4.03 0.09 2.04 5.48 4.92 1.84 0.26 0.02 100.12 
EA043215 61.35 0.54 16.95 4.97 4.47 0.07 2.33 5.87 3.73 2.17 0.24 0.01 98.22 
EA043204 67.04 0.33 17.03 3.61 3.25 0.12 1.06 4.62 4.20 2.11 0.22 0.03 100.36 
EA046377 61.61 0.51 17.90 4.76 4.29 0.11 1.63 5.22 4.77 1.93 0.28 0.01 98.75 
DA993972 57.55 0.70 18.45 6.17 5.55 0.15 2.34 5.21 4.23 2.25 0.28 0.00 97.32 
PA011046 61.50 0.57 17.10 4.86 4.37 0.11 1.87 5.17 4.40 2.47 0.26 1.07 99.38 
PA011048 61.50 0.55 17.80 4.55 4.09 0.10 2.16 5.60 4.65 1.78 0.24 0.66 99.59 
PA011050 64.20 0.44 17.60 3.42 3.08 0.07 1.50 4.80 4.55 1.89 0.21 0.57 99.25 
PA011051 59.00 0.70 16.25 5.37 4.83 0.10 3.25 5.56 3.50 3.07 0.28 2.53 99.61 
EA043205 59.19 0.81 16.71 6.64 5.98 0.13 3.37 6.72 4.01 1.92 0.25 0.03 100.08 
EA045002 60.75 0.73 16.65 6.37 5.73 0.13 3.45 6.23 4.09 1.99 0.25 0.03 100.66 
EA046389 59.43 0.75 16.91 6.35 5.72 0.13 3.53 6.46 4.05 1.96 0.24 0.01 99.82 
EA045017 60.60 0.76 16.69 5.99 5.39 0.11 3.27 6.10 4.12 1.97 0.23 0.01 99.84 
XRF =X-ray fluoresence, LA= laser ablation ICP-MS 
Appendix 83 83-3 
XRF and Laser Ablation /GP-MS Analyses of Major-, Minor- and Trace-Elements in Samples from the Tampakan District 
Sample Rb Ba Nb La Ce Sr Nd Zr Eu Dy y Er Yb Sc Ni 
XRF XRF XRF LA LA XRF LA XRF LA LA LA LA LA LA XRF 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
PA012788 21 156 3 10.36 24.61 417 14.93 100 1.10 3.84 24.9 2.54 2.40 31 .21 15 
EA045800 29 178 4 11 .59 27.21 409 16.94 114 1.14 4.25 25.0 2.59 2.54 27.48 9 
EA046388 22 292 3 8.80 19.33 466 11 .95 95 1.07 3.25 18.0 2.06 1.96 24.49 43 
EA046387 15 118 1 9.20 21 .20 484 13.02 94 0.88 2.74 16.0 1.79 1.70 28.38 36 
EA046376 19 293 6 30.82 70.14 1058 37.22 186 2.10 3.79 18.0 1.95 1.66 27.94 72 
EA046385 26 143 4 10.55 25.12 373 15.99 101 1.19 4.26 22.0 2.77 2.60 35.30 13 
EA046375 14 178 4 9.81 18.28 448 10.89 83 0.85 2.83 17.0 1.66 1.51 27.69 150 
EA045031 17 116 4 16.31 41 .03 175 24.65 206 1.29 4.337 29.1 2.83 2.77 16.69 2 
EA043228 63 184 3 7.41 16.79 309 9.44 87 0.67 2.34 12.0 1.51 1.51 24.93 11 
TMPD57 30 118 3 8.11 18.30 487 10.30 103 0.75 2.03 11.0 1.32 1.33 26.09 16 
DA993948 13 199 4 10.42 23.05 313 13.42 117 0.75 2.53 17.0 1.61 1.58 24.98 20 
EA045078 21 40 2 7.99 19.22 464 11 .34 78 0.84 2.64 16.9 1.63 1.59 23.84 7 
EA045033 11 310 2 8.71 20.34 268 11.87 110 0.72 2.37 16.0 1.66 1.58 25.83 20 
EA046372 23 147 2 8.33 19.52 398 11 .68 84 0.83 2.98 16.0 1.97 1.92 29.36 14 
EA046369 10 109 3 8.83 20.62 497 12.57 98 0.88 3.09 18.0 1.96 1.90 31 .26 40 
EA045062 14 285 0 7.415 18.03 570 11.24 80 0.86 2.497 15.8 1.66 1.58 25.28 8 
EA046320 45 321 8 22.38 46.35 746 24.05 170 1.42 2.94 16.0 1.67 1.53 14.41 14 
EA043209 40 255 6 21 .12 46.48 740 24.44 176 1.36 2.66 17.0 1.59 1.57 15.97 14 
EA043207 34 235 6 19.66 42.21 670 21.50 146 1.32 3.09 19.4 1.90 1.85 17.96 57 
EA045026 1 155 6 18.79 39.01 1013 18.60 140 0.93 2.04 12.0 1.16 1.16 10.24 18 
EA043700 40 163 4 15.52 31 .67 659 14.29 107 0.77 1.47 9.0 0.84 0.82 6.83 9 
EA043047 47 174 5 12.01 25.02 509 12.14 109 0.73 1.52 8.0 0.87 0.90 9.49 14 
EA043042 67 255 5 15.37 30.46 195 13.59 103 0.81 1.46 7.0 0.84 0.82 9.44 20 
EA044508 34 125 4 14.44 29.10 594 13.43 109 0.85 1.50 8.0 0.82 0.81 10.12 14 
EA044931 115 302 12 15.06 34.72 48 19.96 166 1.34 4.36 25.2 2.38 2.11 30.60 45 
EA046333 47 149 4 21 .23 34.11 331 28.40 117 2.26 5.59 24.0 2.73 2.46 24.46 22 
EA045045 35 320 4 13.55 28.68 765 14.97 132 1.02 2.49 16.2 1.59 1.59 12.32 61 
EA049678 52 320 8 16.79 34.22 745 17.00 155 1.12 2.67 18.7 1.59 1.42 13.28 92 
EA046338 46 268 8 15.69 31 .79 488 19.73 134 1.33 3.52 17.0 1.98 1.74 23.26 35 
EA045799 30 278 7 15.57 32.01 705 16.58 150 1.05 2.63 13.0 1.53 ·1.45 14.90 16 
EA043212 58 300 6 16.10 34.07 785 16.63 161 0.92 2.165 13.9 1.34 1.32 8.73 5 
EA044956 68 354 6 15.31 30.50 561 13.88 135 0.63 1.89 11.0 1.24 1.26 6.74 6 
EA043223 34 141 3 10.59 25.05 329.9 14.15 90 0.87 2.55 16.6 1.52 1.51 29.04 25 
EA043208 58 305 6 15.00 32.81 650 16.69 177 0.93 2.65 16.6 1.65 1.58 11 .84 8 
EA043210 65 300 7 15.65 34.49 725 17.29 180 1.02 2.534 16.3 1.64 1.63 10.65 6 
EA043134 34 172 6 13.62 30.75 531 18.41 136 1.27 2.99 16.0 1.68 1.55 17.93 11 
EA044587 31 270 9 13.98 29.76 681 15.84 138 1.14 3.31 17.0 1.96 1.81 23.83 33 
EA043122 146 425 9 16.17 34.57 407 16.72 216 0.88 2.35 13.0 1.49 1.52 7.09 5 
EA043036 96 335 6 15.10 32.67 585 16.35 185 0.97 2.51 14.0 1.64 1.63 10.02 6 
EA043206 56 275 6 15.92 34.32 715 17.83 184 1.03 2.53 16.7 1.63 1.59 12.00 7 
EA045003 48 265 6 14.44 27.33 705 13.71 116 0.86 1.91 11.4 1.06 1.03 10.33 7 
EA043211 18 260 3 10.43 23.37 1156 11.48 122 0.77 1.249 7.5 0.73 0.70 7.47 6 
EA043213 19 285 3 11 .54 25.41 1142 14.21 110 0.98 1.941 12.0 1.15 1.09 9.43 10 
EA045009 17 275 3 10.48 25.20 1235 12.18 129 0.83 1.374 7.9 0.73 0.70 7.20 7 
EA043214 19 275 3 11 .56 25.30 1133 13.80 108 0.89 1.80 11.7 1.09 1.05 9.72 10 
EA043215 27 225 6 17.33 34.43 685 19.33 134 1.09 2.31 14.7 1.39 1.31 14.03 9 
EA043204 56 455 5 12.14 25.31 530 11 .92 119 0.79 2.04 13.8 1.28 1.42 5.64 1 
EA046377 26 350 4 13.23 26.49 951 14.09 104 0.99 2.06 13.0 1.44 1.38 9.09 10 
DA993972 38 382 5 20.59 32.52 703 24.55 130 1.51 3.69 22.0 2.10 2.06 11 .83 53 
PA011046 11 290 4.6 13.4 28 700 16 100 0.90 2.6 16.2 1.5 1.45 8.40 5 
PA011048 19.6 284 3.6 12.2 27 1085 15 94 0.90 1.9 12.5 1.2 1.05 9.20 14 
PA011050 15.5 295 2.3 11.4 24 1200 14 44 0.75 1.5 7.5 0.8 0.62 5.70 34 
PA011051 78 240 8.2 16.2 36 670 19 152 0.95 2.9 16.5 1.6 1.55 14.00 14 
EA043205 36 320 4 12.19 26.94 695 14.00 103 1.01 2.86 18.4 1.77 1.69 19.34 16 
EA045002 41 360 4 10.82 23.84 525 12.67 104 0.88 2.92 19.0 1.77 1.78 17.68 14 
EA046389 38 339 4 11 .74 25.67 601 13.86 100 1.01 3.03 15.0 1.80 1.77 19.58 14 
EA045017 29 313 4 11 .19 25.22 798 14.27 120 1.06 3.02 15.0 1.79 1.69 17.41 14 
XRF = X-ray fluoresence, LA = laser ablation ICP-MS 
Appendix 83 83-4 
XRF and Laser Ablation /CP-MS Analyses of Major-, Minor- and Trace-Elements in Samples from the Tampakan District 
Sample Cr Co v Cu Zn Pb Cs Th u Ta Pr Sm Hf Gd Tb 
XRF XRF XRF XRF XRF XRF LA LA LA LA LA LA LA LA LA 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
PA012788 43 34 274 226 88 7 0.12 1.80 0.71 0.22 3.52 3.77 2.58 3.74 0.66 
EA045800 19 28 290 262 88 7 1.78 1.81 0.74 0.26 3.70 4.11 2.75 4.23 0.66 
EA046388 208 33 167 63 75 4 0.80 1.30 0.43 0.25 2.84 3.05 2.44 3.23 0.54 
EA046387 122 34 234 168 72 6 0.40 1.58 0.64 0.13 3.08 3.00 2.49 2.96 0.48 
EA046376 253 41 202 86 74 7 0.40 7.31 1.80 0.35 9.26 7.16 4.77 5.62 0.76 
EA046385 41 34 291 238 90 6 0.20 2.04 0.78 0.30 3.69 3.95 3.23 4.28 0.73 
EA046375 460 50 153 49 66 3 0.28 1.22 0.40 0.25 2.47 2.61 1.87 2.89 0.46 
EA045031 2 15 186 74 73 2 0.22 3.74 1.53 0.24 5.71 5.36 5.04 4.87 0.77 
EA043228 20 27 207 1543 138 4 3.08 1.58 0.71 0.22 2.26 2.35 2.34 2.25 0.38 
TMPD57 61 20 196 387 520 56 1.67 1.87 0.66 0.17 2.42 2.32 2.50 2.19 0.34 
DA993948 98 33 190 24 86 11 0.33 2.25 0.86 0.45 3.18 2.90 2.75 2.79 0.42 
EA045078 15 20 212 173 1190 1171 1.03 1.21 0.47 0.09 2.56 2.70 1.99 2.64 0.41 
EA045033 99 26 184 2 104 6 0.13 2.02 0.77 0.15 2.83 2.71 2.80 2.57 0.42 
EA046372 36 28 218 177 61 7 0.57 1.63 0.60 0.17 2.64 2.80 2.75 2.92 0.48 
EA046369 117 46 277 140 77 5 0.75 1.52 0.63 0.45 2.89 3.11 2.33 3.13 0.51 
EA045062 14 26 219 40 472 70 0.57 1.25 0.49 0.08 2.53 2.67 2.02 2.72 0.41 
EA046320 15 23 161 90 81 10 0.70 4.71 1.52 0.44 6 .20 4.70 3.68 4.11 0.57 
EA043209 18 20 158 124 64 6 0.33 4.28 1.40 0.31 6.1 1 4.76 4.01 3.75 0.53 
EA043207 124 29 146 21 63 6 0.15 3.99 1.26 0.34 5.45 4.36 3.45 3.84 0.60 
EA045026 35 11 118 117 55 5 0.18 4.45 1.44 0.37 4.75 3.38 3.58 2.61 0.37 
EA043700 17 13 82 577 63 10 0.96 2.92 1.22 0.25 3.76 2.60 2.65 2.02 0.27 
EA043047 28 18 100 1333 119 12 2.14 2.30 1.13 0.30 3.16 2.39 2.59 1.99 0.28 
EA043042 44 12 96 1940 70 8 2.10 3.04 1.01 0.38 3.72 2.55 2.79 2.07 0.29 
EA044508 26 11 98 958 60 5 0.77 1.92 0.72 0.24 3.42 2.51 2.67 2.02 0.28 
EA044931 173 16 221 11133 72 4 6.72 3.26 1.57 0.73 4.43 4.77 4.11 4.86 0.74 
EA046333 57 31 200 132 231 9 0.66 2.52 1.05 0.24 6.29 6.69 2.78 6.43 0.95 
EA045045 108 20 112 48 55 5 0.33 2.37 0.81 0.28 3.72 3.00 3.09 2.82 0.43 
EA049678 98 23 111 530 143 6 0.20 4.44 1.53 0.51 4.25 3.52 3.74 3.20 0.48 
EA046338 99 28 188 130 226 119 1.55 2.98 0.92 0.56 4.59 4.42 3.42 4.24 0.63 
EA045799 42 21 138 37 58 6 0.49 3.98 1.09 0.52 4.17 3.43 3.48 3.07 0.47 
EA043212 8 11 93 51 55 6 0.35 4.13 1.49 0.43 4 .26 3.22 3.89 2.65 0.38 
EA044956 9 10 80 32 58 12 0.86 5.85 2.05 0.52 3.65 2.68 3.76 2.26 0.33 
EA043223 60 28 222 1580 149 27 1.47 1.85 0.72 0.13 3.35 3.15 2.24 2.84 0.44 
EA043208 14 19 123 66 56 5 0.51 4.44 1.55 0.42 4.23 3.28 4.09 2.97 0.46 
EA043210 10 17 127 72 60 15 0.47 4.62 1.59 0.44 4.26 3.33 4.33 2.92 0.46 
EA043134 13 24 201 142 128 10 3.20 2.62 0.94 0.35 4.17 4.12 3.25 3.76 0.53 
EA044587 58 33 177 99 70 4 0.48 2.92 0.96 0.58 3.76 3.48 3.25 3.59 0.57 
EA043122 7 13 97 115 102 19 2.44 5.83 1.96 0.53 4.41 3.24 4.79 2.79 0.43 
EA043036 13 17 129 72 69 8 1.87 4.94 1.63 0.50 4.31 3.30 4.37 2.92 0.45 
EA043206 11 19 123 89 50 8 0.23 4.53 1.56 0.43 4.25 3.55 4.25 3.09 0.46 
EA045003 14 13 92 38 40 4 0.32 3.42 1.18 0.36 3.46 2.58 3.03 2.23 0.34 
EA043211 5 9 60 32 34 7 0.14 1.76 0.63 0.16 2.97 2.19 2.89 1.80 0.25 
EA043213 6 14 89 38 45 6 0.15 1.56 0.50 0.21 3.48 2.76 2.68 2.45 0.35 
EA045009 6 9 61 32 35 6 0.21 1.86 0.66 0.16 3.08 2.40 3.02 1.89 0.26 
EA043214 7 14 90 38 46 5 0.16 1.48 0.48 0.18 3.24 2.70 2.54 2.30 0.35 
EA043215 15 16 142 33 48 9 0.20 2.92 0.99 0.28 4.71 3.75 2.94 3.02 0.43 
EA043204 2 6 26 8 69 9 1.03 1.99 0.86 0.35 3.05 2.43 2.85 2.18 0.36 
EA046377 12 15 83 30 47 6 0.66 1.78 0.56 0.30 3.89 2.78 2.42 2.51 0.42 
DA993972 113 40 122 77 60 7 0.29 2.51 0.88 0.73 5.97 4.84 3.31 4.42 0.67 
PA011046 7 10 132 
PA011048 9 14 134 
PA011050 21 10 83 
PA011051 22 17 160 
EA043205 44 23 148 27 56 5 0.61 2.26 0.83 0.29 3.41 3.19 2.72 3.07 0.50 
EA045002 34 21 121 21 55 6 0.59 2.05 0.82 0.33 2.93 2.92 2.71 3.11 0.49 
EA046389 37 23 137 26 53 6 1.41 2.44 0.90 0.35 3.36 3.25 2.56 3.21 0.52 
EA045017 23 19 112 14 47 6 0.87 2.28 0.91 0.32 3.29 3.31 3.14 3.28 0.50 
XRF = X-ray fluoresence, LA= laser ablation ICP-MS 
Appendix 83 83-5 
XRF and Laser Ablation /GP-MS Analyses of Major-, Minor- and Trace-Elements in Samples from the Tampakan District 
Sample Ho Tm Lu Ga Ge As Mo Ag Cd In Sn w Tl Bi Sb 
LA LA LA LA LA LA LA LA LA LA LA LA LA LA XRF 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
PA012788 0.86 0.37 9.14 0.39 0.00 1.63 0.00 0.00 0.00 1.36 0.35 
EA045800 0.91 0.40 16.12 1.05 2.20 4.14 1.75 0.00 O.Q7 4.95 0.41 0.04 0.23 
EA046388 0.72 0.32 16.98 1.20 1.60 1.80 0.17 0.00 0.06 1.1 5 0.25 0.09 0.02 
EA046387 0.61 0.27 15.63 0.82 5.58 0.86 0.11 0.03 0.06 1.32 0.27 0.13 0.09 
EA046376 0.73 0.25 18.14 1.08 0.30 1.38 0.17 0.05 0.07 2.27 0.19 0.07 0.09 
EA046385 0.96 0.43 17.00 1.87 3.33 2.23 0.08 0.06 0.07 1.51 0.37 0.10 0.03 
EA046375 0.58 0.23 15.39 0.87 1.09 1.30 0.14 0.09 0.06 1.34 0.20 0.02 0.02 
EA045031 0.93 0.43 15.85 0.00 0.37 1.45 0.01 0.08 0.02 1.84 0.58 
EA043228 0.51 0.24 18.96 1.18 0.06 24.03 0.32 0.08 0.02 2.49 1.53 0.19 0.21 
TMPD 57 0.45 0.21 15.16 0.95 1.42 3.38 1.05 0.76 0.09 1.84 1.03 0.23 0.14 
DA993948 0.55 0.23 0.25 15* 0.20 0.12 0.5* 0.01 0.02 0.01 0.0· 56.20 0.00 0.00 0.5* 
EA045078 0.55 0.26 14.38 0.65 1.79 1.43 0.13 0.02 0.06 1.46 0.42 
EA045033 0.53 0.25 11 .14 0.00 0.59 1.97 0.00 0.00 0.02 1.35 0.48 
EA046372 0.66 0.32 17.12 2.18 3.27 0.89 0.14 0.00 0.06 1.52 0.27 0.23 0.04 
EA046369 0.67 0.30 15.35 1.80 3.14 1.56 0.1 9 0.10 0.06 1.36 67.53 0.05 0.06 
EA045062 0.56 0.25 10.92 0.11 0.95 1.62 0.02 0.00 0.01 1.29 0.30 
EA046320 0.60 0.24 18.37 1.20 0.35 1.59 0.14 0.15 0.04 1.21 0.43 0.16 0.04 
EA043209 0.57 0.24 15.54 0.33 1.88 2.28 0.02 0.00 0.02 1.64 0.36 
EA043207 0.68 0.28 13.58 0.86 0.22 2.05 0.02 0.05 0.01 1.34 0.34 
EA045026 0.42 0.17 0.18 19* 0.48 0.37 0.4* 0.02 0.03 0.03 0.6* 0.33 0.00 0.01 0.4* 
EA043700 0.29 0.12 0.140 18* 0.76 0.32 9.7* 0.09 0.02 0.02 1.1· 2.05 0.03 0.02 0.2· 
EA043047 0.31 0.142 17.79 0.88 1.72 16.16 0.25 0.05 0.03 1.67 2.80 0.31 0.11 
EA043042 0.30 0.142 13.20 1.83 1.29 23.40 0.64 0.02 0.04 2.33 3.12 0.61 0.51 
EA044508 0.30 0.13 15.78 1.41 0.34 16.02 0.33 0.02 0.02 2.04 3.41 0.15 0.35 
EA044931 0.85 0.33 21.93 1.33 2.03 9.11 0.58 0.11 0.09 2.59 6.81 0.79 1.52 
EA046333 1.00 0.37 18.95 1.27 1.68 6.20 0.16 0.30 0.07 1.19 0.40 0.30 0.07 
EA045045 0.55 0.25 15.08 0.63 1.20 1.23 0.01 0.00 0.01 1.39 0.24 
EA049678 0.56 0.22 15.64 0.53 1.53 2.59 0.01 0.00 0.03 1.48 0.44 
EA046338 0.72 0.27 20.00 1.26 8.61 3 .31 0.08 0.92 0.08 1.51 0.70 0.31 0.04 
EA045799 0.53 0.23 18.35 1.34 1.31 1.43 0.11 0.14 0.04 1.40 0.31 0.09 0.07 
EA043212 0.47 0.21 16.72 0.74 0.68 3.43 -0.03 0.00 0.01 1.60 0.57 
EA044956 0.40 0.17 0.20 17• 0.48 1.41 2.1 • 0.01 0.00 0.01 0.6* 1.11 0.02 0.00 0.2· 
EA043223 0.53 0.21 0.24 17.9* 1· 0.4* 15.3* 0.6* 0.2· 0 .07 1.2· 0.89 0.02 0.4* 0.3* 
EA043208 0.56 0.26 14.85 0.37 0.08 1.60 0.00 0.04 0.02 1.44 0.41 
EA043210 0.57 0.27 17.06 0.11 0.66 2.93 -0.02 0.00 0.04 1.69 0.54 
EA043134 0.60 0.24 19.60 1.21 3.54 2.80 0.13 0.06 0.05 1.45 0.97 0.24 0.04 
EA044587 0.69 0.28 17.72 1.20 0.14 2.15 0.12 0.07 0.06 1.65 0.42 0.18 0.04 
EA043122 0.51 0.25 17.22 1.28 1.02 2.83 0.30 0.15 0.04 1.56 1.30 0.53 0.07 
EA043036 0.55 0.25 18.65 1.08 0.57 1.27 0.21 0.10 0.05 1.56 0.62 0.44 0.06 
EA043206 0.55 0.25 15.99 0.33 0.57 1.53 0.01 0.05 0.02 1.52 0.48 
EA045003 0.37 0.18 16.47 0.24 1.14 1.20 0.00 0.14 0.02 1.62 0.32 
EA043211 0.26 0.11 19.19 0.43 2.21 1.56 0.00 0.05 0.02 1.67 0.13 
EA043213 0.41 0.17 18.79 0.89 0.00 1.76 0.00 0.05 0.03 1.67 0.15 
EA045009 0.28 0.11 18.86 0.20 1.36 1.43 0.03 0.10 0.02 1.54 0.14 
EA043214 0.39 0.17 18.21 0.21 0.00 1.61 0.01 0.05 0.03 1.42 0.13 
EA043215 0.49 0.21 15.77 0.41 0.59 1.56 0.00 0.00 0.04 1.56 0.57 
EA043204 0.44 0.22 16.38 0.40 0.11 1.91 0.02 0.02 0.02 1.42 0.25 
EA046377 0.50 0.22 18.37 1.42 1.03 0.76 0.19 0.06 0.05 1.21 0.1 5 0.11 0.05 
DA993972 0.74 0.29 0.32 21· 0.38 0.29 o.8* 0.01 0.00 0.02 0.7* 62.67 0.01 0.00 0.1· 
PA011046 
PA011048 
PA011050 
PA011051 
EA043205 0.62 0.27 13.84 0.09 0.77 1.98 0.00 0.02 0.02 1.44 0.36 
EA045002 0.61 0.28 13.97 0.38 0.66 2.33 0.01 0.02 O.D1 1.46 0.25 
EA046389 0.63 0.27 18.60 1.37 1.68 1.28 0.13 0.08 0.05 1.27 0.21 0.10 0.02 
EA045017 0.62 0.27 20.79 1.17 0.77 1.53 0.53 0.00 0.06 1.47 0.27 0.12 0.02 
XRF = X-ray fluoresence, LA = laser ablation ICP-MS, • =Analysis by XRF 

Petrochemical Sample Localities 
Tampakan District 
(sample Numbers and Grid Co-ordinates in Data Table: pp. 83-1) 
Philippine Transverse Mercator (PTM5) Metric Grid 
83-6 

Appendix 84 84-1 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Source Age Region Volcanic Latitude Longitude 
(Ma) Centre Degrees Degrees Pl 01 Cp Op Hb Bt 
Pl = plagioclase, 01 = olivine, Cp = clinopyroxene, Op = orthopyroxene, Hb = hornblende, Bt = biotite. 
voos Castillo et al. 1999 0-0.06 Camiguin Island Mt Vulcan 9.233 124.65 Pl Cp Op 
V006 Castillo et al. 1999 0-0.06 Camiguin Island Mt Vulcan 9.233 124.65 Pl Cp Op 
VOOB Castillo et al. 1999 0-0.06 Camiguin Island Mt Vulcan 9.233 124.65 Pl Cp Op 
CAM58 Corpuz 1992 0 -0.06 Camiguin Island Mt Vulcan 9.217 124.617 Pl Cp Op 
VULSO Corpuz 1992 0 - 0.06 Camiguin Island Mt Vulcan 9.217 124.617 Pl 01 Cp 
VUL21 Corpuz 1992 0 -0.06 Camiguin Island Mt Vulcan 9.217 124.617 Pl 01 Cp 
HIB20 Corpuz 1992 0 -0.06 Camiguin Island Mt Vulcan 9.217 124.617 Pl Cp Op 
CAM22 Corpuz 1992 0 -0.06 Camiguin Island Mt Vulcan 9.217 124.617 Pl Cp Op 
MAM34 Corpuz 1992 0 -0.06 Camiguin Island Kampana Hill 9.203 124.717 Pl 01 Cp 
KAN23 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HIB37 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HS15 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HIB42 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
CAT82 Corpuz 1992 0 -0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HIB41 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
CAM24 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HIB40 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
CAM10 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HIB12 Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HIBS Corpuz 1992 0-0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl 01 Cp 
HIB3 Corpuz 1992 0 - 0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl Cp Op 
HIB25 Corpuz 1992 0 - 0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl Cp Op 
CAMSOJ Corpuz 1992 0 - 0.06 Camiguin Island Kanangkaan 9.203 124.691 Pl Cp Op 
2H002 Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl 01 Cp 
2H007 Castillo et al. 1999 0 - 0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl 01 Cp 
H002 Castillo et al. 1999 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
H003 Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl 01 Cp 
H004 Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl 01 Cp 
HOOS Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Hb Bt 
HOOS Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
H010 Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 
H011 Castillo et al. 1999 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 
H012 Castillo et al. 1999 0 - 0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl 01 Cp 
H014 Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl 01 Cp 
H016 Castillo et al. 1999 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
Hd001 Castillo et al. 1999 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
C03-001 Castillo et al. 1999 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl 01 Cp 
HIBS Corpuz 1992 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
CAT46 Corpuz 1992 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op Hb 
CAM16 Corpuz 1992 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
CAMS Corpuz 1992 0 -0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
HIB4 Corpuz 1992 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
CAM14 Corpuz 1992 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
CAM7 Corpuz 1992 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
CAM17 Corpuz 1992 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
HIBB Corpuz 1992 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
HIB15 Corpuz 1992 0-0.06 Camiguin Island Mt Hibok-Hibok 9.2 124.683 Pl Cp Op 
MAM47 Corpuz 1992 0 - 0.06 Camiguin Island Tupsan 9.185 124.772 Pl Cp Op 
MAM33 Corpuz 1992 0-0.06 Camiguin Island Tupsan 9.185 124.772 Pl Cp Op 
MAM48 Corpuz 1992 0 -0.06 Camiguin Island Tupsan 9.185 124.772 Pl Cp Op 
MAM57 Corpuz 1992 0 - 0.06 Camiguin Island Tupsan 9.185 124.772 Pl Cp Op Hb 
MAM32 Corpuz 1992 0 - 0.06 Camiguin Island Tupsan 9.185 124.772 Pl Cp Op Hb 
M011 Castillo et al. 1999 0.01-0.1 Camiguin Island Mt Mambajao 9.167 124.717 Pl Cp Op 
M021 Castillo et al. 1999 0.01-0.1 Camiguin Island Mt Mambajao 9.167 124.717 Pl Cp Op Hb 
M022 Castillo et al. 1999 0.01-0.1 Camiguin Island MtMambajao 9.167 124.717 Pl Cp Op Hb 
M029 Castillo et al. 1999 0.01-0.1 Camiguin Island Mt Mambajao 9.167 124.717 Pl Cp Op 
M041 Castillo et al. 1999 0.01-0.1 Camiguin Island Mt Mambajao 9.167 124.717 Pl 01 Cp 
M043 Castillo et al. 1999 0.01-0.1 Camiguin Island Mt Mambajao 9.167 124.717 Pl Cp Op Hb 
M054 Castillo et al. 1999 0.01-0.1 Camiguin Island Mt Mambajao 9.167 124.717 Pl Cp Op 
Appendix 84 84-2 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Si02 Ti02 Al20 3 Fe20 3(tl FeO(tJ MnO MgO cao Na20 K20 P20s LOI Total 
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt. % 
V005 57.94 0.64 17.56 6.23 0.16 3.81 7.92 4.07 1.41 0.29 100.02 
V006 58.61 0.64 17.81 6.32 0.15 3.9 7.76 3.91 1.43 0.29 100.84 
voos 57.37 0.62 17.68 6.47 0.16 4.36 8.14 3.86 1.37 0.28 100.29 
CAM58 58.71 0.57 17.86 6.58 5.92 0.14 3.17 7.28 3.8 1.5 0.26 - 99.84 
VUL50 55.47 0.66 18.46 7.57 6.81 0.18 3.7 8 .46 3.61 1.13 0.32 0.47 100.03 
VUL21 56.41 0.66 17.52 7.31 6.58 0.16 4.5 8.11 3.65 1.34 0.28 - 99.74 
HIB20 58.31 0.61 17.49 6.62 5.96 0.17 3.39 7.3 3.75 1.48 0.29 - 99.28 
CAM22 58.73 0.58 17.67 6.62 5.96 0.17 3.18 7.25 3.79 1.53 0.28 0.23 100.03 
MAM34 56.35 0.62 17.85 7.41 6.67 0.15 3.68 7.84 3.63 1.35 0.26 - 98.81 
KAN23 52.23 0.77 18.75 9.67 8.70 0.21 4.67 9.54 3.45 0.75 0.33 - 100.34 
HIB37 53.51 0.76 17.92 8.93 8.04 0.16 4.97 9.65 3.07 1.08 0.25 0.2 100.50 
HS15 54.62 0.72 17.65 8 .36 7.52 0.14 4.74 8 .67 3.08 1.66 0.27 0.07 99.98 
HIB42 56.01 0.64 18.01 7.71 6.94 0.17 4.09 8.46 3.5 1.33 0.26 - 99.67 
CAT82 56.40 0.67 17.85 7.1 8 6.46 0.1 4.27 8.08 3.64 1.4 0.28 - 99.67 
HIB41 56.65 0.7 17.7 6.9 6.21 0.11 4.29 7.68 3.62 1.47 0.29 - 99.31 
CAM24 56.78 0.57 19.12 7.14 6.42 0.14 2.83 7.28 3.95 1.32 0.4 0.4 99.93 
HIB40 56.79 0.67 17.98 7.4 6.66 0.12 4.52 8.06 3.67 1.24 0.28 - 100.33 
CAM10 56.79 0.63 17.88 7.37 6.63 0.12 3.94 8.16 3.52 1.4 0.27 - 99.78 
HIB12 56.89 0.61 17.87 7.22 6.50 0.15 3.65 7.85 3.61 1.42 0.27 0.16 99.70 
HIB5 56.98 0.64 17.48 7.11 6.40 0.12 4.31 7.93 3.65 1.38 0.27 0.16 100.03 
HIB3 57.14 0.61 17.15 7.15 6.43 0.17 3.7 7.97 3.55 1.38 0.27 0.81 99.90 
HIB25 57.27 0.66 17.97 6.91 6.22 0.12 3.36 7.32 3.67 1.3 0.3 0.7 99.58 
CAM50J 57.80 0.63 17.9 6.91 6.22 0.17 3.62 7.63 3.67 1.41 0.31 - 99.98 
2H002 55.29 0.89 18.17 7.08 0.1 5 4.57 8.35 4.05 1.44 0.52 100.50 
2H007 55.45 0.69 18.64 7.07 0.14 3.91 7.95 3.68 1.09 0.35 98.96 
H002 59.70 0.59 18.08 6.07 0.16 3.33 7.6 4.25 1.48 0.28 101.54 
H003 56.38 0.68 17.87 6.92 0.15 4.52 8.26 3.78 1.17 0.27 100.01 
H004 56.85 0.71 17.71 6.29 0.13 4.56 7.92 3.84 1.44 0.3 99.76 
H005 74.59 0.16 14.97 1.15 0.1 0.53 1.97 4.3 3.53 0.03 101.33 
HOOS 57.73 0.67 17.68 6.58 0.16 4.54 8 .15 3.6 1.37 0.29 100.76 
H010 60.63 0.52 17.87 5.35 0.16 2.49 6.64 4.57 1.54 0.29 100.06 
H011 59.13 0.62 17.87 6.04 0.14 3.34 7.25 3.79 1.52 0.27 99.96 
H012 54.72 0.82 17.9 7.34 0.16 4.89 8.6 3.84 1.46 0.38 100.11 
H014 56.74 0.67 18.22 6.43 0.16 3.79 7.73 4.29 1.48 0.3 99.82 
H016 58.30 0.67 18.17 6.35 0.15 3.5 7.63 4.37 1.33 0.31 100.79 
Hd001 58.09 0.61 18.13 6.46 0.16 3.57 7.81 3.83 1.39 0.29 100.33 
C03-001 56.02 0.69 18.32 6.78 0.14 4.04 8.12 3.83 1.34 0.3 99.58 
HISS 57.83 0.59 17.63 6.83 6.15 0.14 3.38 7.51 3.7 1.46 0.27 0.67 100.01 
CAT46 61.70 0.6 16.88 5.75 5.17 0.11 2.74 5.92 3.9 1.96 0.27 0.23 100.06 
CAM16 57.94 0.59 17.71 6.88 6.19 0.15 3.41 7.61 3.62 1.44 0.28 0.27 99.90 
CAMS 58.06 0.59 17.63 6.81 6.13 0.15 3.38 7.5 3.7 1.48 0.27 0.43 100.00 
HIB4 58.24 0.57 17.46 6.6 5.94 0.16 3.24 7.2 3.65 1.59 0.27 0.33 99.31 
CAM14 58.28 0.59 17.7 6.81 6.13 0.14 3.33 7.52 3.73 1.49 0.29 - 99.85 
CAM7 58.31 0.59 17.58 6.81 6.13 0.15 3.28 7.35 3.8 1.5 0.27 0.4 100.04 
CAM17 58.38 0.59 17.77 6.82 6.14 0.15 3.14 7.59 3.65 1.45 0.27 - 99.78 
HIBB 58.51 0.61 17.24 7.03 6.33 0.16 3.53 7.26 3.58 1.46 0.26 0.26 99.90 
HIB15 58.59 0.58 17.79 6.66 5.99 0.15 3.31 7.42 3.74 1.48 0.27 0.2 100.19 
MAM47 57.42 0.75 17.52 6.98 6.28 0.11 3.74 7.03 3.82 1.88 0.41 0.1 99.76 
MAM33 58.09 0.67 17.33 6.79 6.11 0.12 3.56 6.95 3.66 2.01 0.31 0.97 100.46 
MAM48 58.50 0.71 17.95 6.83 6.15 0.12 3.26 6.39 3.97 1.84 0.3 - 99.57 
MAM57 58.86 0.58 15.93 6 .1 5.49 0.11 4.3 6.95 3.37 2.8 0.33 0 99.33 
MAM32 60.09 0.6 17.34 6.29 5.66 0.13 3.2 6.75 3.84 1.95 0.31 - 100.47 
M011 58.51 0.73 17.65 6.19 0.12 3.64 7.18 5.07 1.68 0.26 101.05 
M021 58.98 0.61 18.04 5.99 0.13 3.17 7.04 4.16 1.57 0.26 99.94 
M022 60.53 0.73 17.37 5.88 0.12 3.35 6.31 4.37 1.81 0.31 100.77 
M029 58.30 0.67 17.42 5.86 0.13 3.23 7.03 4.26 1.65 0.28 98.84 
M041 55.86 0.85 17.51 7.45 0.15 5.18 8.06 3.73 1.53 0.31 100.64 
M043 60.38 0.63 17.94 5.83 0.14 3.09 6.01 4.17 1.79 0.22 100.19 
M054 58.15 0.73 17.95 6.14 0.14 3.58 6.98 3.88 2.02 0.36 99.94 
Appendix 84 84-3 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Rb Ba Nb La Ce Sr Nd Zr Eu Dy y Er Yb Sc Ni 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
voos 35.1 316 6 941 91 14.2 19.5 
V006 33 334 3 20.8 39.2 898 19 97 1.2 2.6 17.4 1.3 1.2 21.2 
VOOS 33 302 5 27.1 52.9 898 28 97 1.6 3 17.4 1.3 1.2 30.6 
CAMSS 33 506 8 20 35 923 13 106 13 15 
VULSO 24 392 6 18 44 1024 21 81 14 18 
VUL21 29 458 9 21 29 883 18 90 13 37 
HIB20 34 517 8 22 41 922 21 103 13 21 
CAM22 32 528 8 24 37 897 19 103 13 15 
MAM34 28 404 6 17 35 862 22 89 14 17 
KAN23 15 322 6 19 32 1025 14 41 15 17 
HIB37 21 378 5 15 32 871 29 76 15 23 
HS15 38 384 5 15 30 780 10 68 15 30 
HIB42 26 387 6 17 41 830 11 88 14 18 
CATS2 27 423 6 16 33 863 13 85 14 39 
HIB41 26 411 7 16 32 888 12 76 12 55 
CAM24 23 447 8 19 42 995 17 87 14 6 
HIB40 24 419 5 16 36 . 924 24 76 12 37 
CAM10 29 440 7 19 38 847 17 87 13 20 
HIB12 29 436 7 19 31 872 20 93 14 16 
HISS 31 448 8 20 39 905 13 98 14 31 
HIB3 31 496 7 21 31 868 25 93 14 18 
HIB25 26 434 6 18 36 979 18 87 12 18 
CAMSOJ 31 476 9 19 34 949 13 99 13 21 
2H002 31.6 356 10 28.3 54.6 1149 28.8 119 1.6 3 14.9 1.3 1.2 35.8 
2H007 21 .6 254 4 910 70 14.2 16.3 
H002 35.8 332 8 912 98 15.9 12.6 
H003 25.5 267 5 912 77 15.9 29.6 
H004 29 282 5 16.4 31.9 899 16.6 75 1.1 2.3 14.5 1.1 1.1 56.7 
HOOS 79.6 487 3 13.9 23.3 397 9.1 95 0.5 1.4 10.9 0.9 1.2 1 
HOOS 31 .6 301 7 19.3 36.9 889 18.6 89 1.2 2.6 16.2 1.3 1.3 29.9 
H010 36.2 366 7 20.5 38.9 959 18.2 106 1.1 2.3 16.6 1.1 1.2 6.4 
H011 32.6 325 6 884 77 14.2 14.9 
H012 29.1 310 8 946 89 14.9 29.5 
H014 31 309 6 916 91 14.8 16.5 
H016 31.2 308 7 1000 90 12.5 16.4 
Hd001 32.8 316 7 19 35.5 907 16.9 95 1.1 2.6 16.5 1.3 1.3 12.3 
C03-001 32.8 6 15.5 30.1 874 16.1 94 1.1 2.3 15.2 1 1 23.2 
HIBS 18 532 8 22 29 961 26 97 17 20 
CAT46 41 578 8 20 36 820 21 98 11 21 
CAM16 33 517 5 20 36 902 25 99 14 17 
CAMS 33 499 8 19 41 900 12 99 16 17 
HIB4 35 550 7 24 37 883 25 104 13 14 
CAM14 32 505 7 24 34 902 24 96 14 18 
CAM7 33 497 8 22 36 894 13 102 14 18 
CAM17 32 508 8 19 39 893 25 99 14 17 
HIBB 33 490 7 19 35 845 22 98 13 17 
HIB15 32 515 7 21 30 891 22 99 13 16 
MAM47 50 528 8 22 40 960 25 111 13 26 
MAM33 51 533 8 22 45 884 19 115 14 22 
MAM48 36 571 9 22 41 864 22 111 13 19 
MAM57 77 569 8 23 42 803 23 126 14 36 
MAM32 53 547 8 23 44 866 21 108 13 20 
M011 36.6 347 8 19.1 36.1 815 18.6 105 1.2 2.7 14.3 1.3 1.1 17 
M021 37.4 305 5 895 84 11.8 12 
M022 42.3 8 21.2 39.3 885 18.7 91 1.2 2.2 10.1 0.9 0.9 21.8 
M029 36.3 358 6 22.6 40 945 19.6 100 1.2 2.5 13.2 1.1 1.1 17.1 
M041 33.1 336 6 21 39 840 20.6 89 1.3 2.9 16.4 1.3 1.2 57.7 
M043 42.7 355 5 795 100 16.5 13.1 
M054 45.4 330 8 949 124 14 28.5 
Appendix 84 84-4 
Published major-, minor- and trace-element data from the Sangihe arc (norlh Sulawesi to Camiguin Island) 
Sample Cr Co v Cu Zn Pb Cs Th u Ta Pr Sm Hf Gd Tb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
voos 159 
V006 142 4.8 3.6 3.4 0.42 
VOOB 154 6.9 5 4.6 0.54 
CAM58 24 113 64 12 1 
VULSO 25 134 71 5 2 
VUL21 77 146 69 8 1 
HIB20 40 130 67 9 4 
CAM22 26 124 64 10 1 
MAM34 23 144 71 8 1 
KAN23 18 265 86 5 1 
HIB37 37 219 68 5 1 
HS15 60 196 63 8 2 
HIB42 38 158 74 8 1 
CATS2 59 165 69 7 2 
HIB41 72 162 67 8 3 
CAM24 6 131 88 7 1 
HIB40 91 156 72 9 2 
CAM10 37 155 67 7 2 
HIB12 29 140 69 9 1 
HIBS 68 139 68 9 3 
HIB3 33 147 69 9 3 
HIB25 25 125 71 7 1 
CAMSOJ 40 125 65 10 3 
2H002 189 7.1 5 4.4 0.53 
2H007 167 
H002 138 
H003 165 
H004 168 4 3.2 3.2 0.39 
HOOS 2.6 1.5 1.5 0.21 
HOOS 155 4.6 3.6 3.5 0.42 
H010 97 4.6 3.3 0.39 
H011 138 
H012 188 
H014 150 
H016 137 
Hd001 145 4.1 3.2 3.2 0.41 
C03-001 3.8 3.3 2.8 0.38 
HIBS 38 139 61 10 1 
CAT46 31 110 55 11 3 
CAM16 25 128 67 8 1 
CAMS 27 134 71 10 3 
HIB4 23 116 62 11 1 
CAM14 28 129 65 9 3 
CAM7 27 133 68 9 2 
CAM17 29 139 66 7 1 
HIBB 32 143 70 9 2 
HIB15 28 132 65 8 1 I• 
MAM47 48 135 57 11 1 
MAM33 43 139 68 10 3 
MAM48 27 136 63 15 3 
MAM57 120 154 58 11 1 
MAM32 42 127 63 12 2 
M011 153 4.4 3.6 3.5 0.43 
M021 135 
M022 133 4.7 3.5 3.1 0.35 
M029 152 5 3.8 3.3 0.44 
M041 199 5 3.8 3.9 0.47 
M043 120 
M054 172 
Appendix 84 84-5 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Ho Tm Lu Ga Ge As Mo Ag Cd In Sn w Tl Bi Sb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
V005 
V006 0.2 
voos 0.2 
CAM58 21 
VUL50 20 
VUL21 20 
HIB20 18 
CAM22 20 
MAM34 21 
KAN23 21 
HIB37 19 
HS15 18 
HIB42 22 
CATS2 22 
HIB41 21 
CAM24 23 
HIB40 19 
CAM10 19 
HIB12 18 
HIB5 20 
HIB3 21 
HIB25 19 
CAM50J 20 
2H002 0.19 
2H007 
H002 
H003 
H004 0.16 
HOOS 0.21 
HOOS 0.19 
H010 0.2 
H011 
H012 
H014 
H016 
Hd001 0.19 
C03-001 0.16 
HIBS 18 
CAT46 17 
CAM16 20 
CAMS 21 
HIB4 19 
CAM14 20 
CAM7 21 
CAM17 18 
HIBB 23 
HIB15 21 
MAM47 20 
MAM33 20 
MAM48 20 
MAM57 18 
MAM32 21 
M011 0.17 
M021 
M022 0.14 
M029 0.19 
M041 0.2 
M043 
M054 

Appendix 84 84-7 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Source Age Region Volcanic Latitude Longitude 
(Ma) Centre Degrees Degrees Pl 01 Cp Op Hb Bt 
Pl = plagioclase, 01 =olivine, Cp = clinopyroxene, Op = orthopyroxene, Hb = hornblende, Bl= biotite. 
BEN29 Corpuz 1992 0.01-0.1 Camiguin Island Benoni 9.137 124.812 Pl 01 Cp 
BEN312 Corpuz 1992 0.01-0.1 Camiguin Island Benoni 9.137 124.812 Pl Cp Op 
BEN31 Corpuz 1992 0.01-0.1 Camiguin Island Benoni 9.137 124.812 Pl Cp Op 
BEN315 Corpuz 1992 0.01-0.1 Camiguin Island Benoni 9.137 124.812 Pl Cp Op Hb 
BEN30 Corpuz 1992 0.01-0.1 Camiguin Island Benoni 9.137 124.812 Pl Hb 
BUT52 Corpuz 1992 0.01-0.1 Camiguin Island Sabacan 9.133 124.75 Pl Cp Op Hb 
BUT54 Corpuz 1992 0.01-0.1 Camiguin Island Sabacan 9.133 124.75 Pl Hb 
B002 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Cp Op 
B003 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Cp Op Hb 
B005 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Cp Op Hb 
BOOS Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
B007 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Cp Op 
B009 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
B014 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
B015 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Cp Op Hb 
B01S Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 01 Cp 
B017 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Hb 
B01S Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
C001 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 
C002 Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
coos Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Cp Op Hb 
coos Castillo et al. 1999 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl Cp Op Hb 
BUT2S Corpuz 1992 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
BUT1 Corpuz 1992 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
BUT51 Corpuz 1992 0.24-0.44 Camiguin Island Mt Butay 9.117 124.75 Pl 01 Cp 
CAB55 Corpuz 1992 0.2-0.4 Camiguin Island Ca bu an 9.117 124.812 Pl 01 Cp 
GIN53 Corpuz 1992 0.14-0.34 Camiguin Island MtGinsiliban 9.108 124.767 Pl Cp Op 
GIN5S Corpuz 1992 0.14-0.34 Camiguin Island MtGinsiliban 9.108 124.767 Pl Cp Op 
G001 Castillo et al. 1999 0.14-0.34 Camiguin Island MtGinsiliban 9.1 124.75 Pl Cp Op Hb 
G004 Castillo et al. 1999 0.14-0.34 Camiguin Island MtGinsiliban 9.1 124.75 Pl Cp Op Hb 
GOOS Castillo et al. 1999 0.14-0.34 Camiguin Island Mt Ginsiliban 9.1 124.75 Pl Cp Op Hb 
GIN27 Corpuz 1992 0.14-0.34 Camiguin Island Mt Ginsiliban 9.1 124.75 Pl Cp Op 
GIN2S5 Corpuz 1992 0.14-0.34 Camiguin Island MtGinsiliban 9.1 124.75 Pl Cp Op 
CAM275 Corpuz 1992 0.14-0.34 Camiguin Island Mt Ginsiliban 9.1 124.75 Pl Cp Op Hb 
GIN2S Corpuz 1992 0.14-0.34 Camiguin Island Mt Ginsiliban 9.1 124.75 Pl Cp Op Hb 
PH92-1S5 Sajona et al. 2000 0 - 1 North Mindanao Mt Balingoan 9 124.883 Pl Cp Op 
PCBAL4 Sajona et al. 2000 0-5 North Mindanao Mt Balingoan 9 124.82 Pl 01 Cp 
Tallsayan Sajona et al. 1994 0.24-0.48 North Mindanao 8.983 124.883 Pl 01 Cp 
Klnogultan Sajona et al. 1994 0.5-0.8 North Mindanao 8.967 124.8 Pl 01 Cp 
PH92-164 Sajona et al. 2000 0-2 North Mindanao Mt Balingoan 8.937 124.953 Pl 01 Cp 
BAL9 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl 01 Cp 
BAL2 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl 01 Cp 
BAL3 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl 01 Cp 
BAL11 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl 01 Cp 
BAL4 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl Cp 
BAL10 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl Cp 
BAL12 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl Cp Op Hb 
BIN1A Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl 01 Cp 
BIN2B Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BIN9 Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BIN2A Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BINS Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BIN1B Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BINS Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BIN3 Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BIN5 Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
BIN4 Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl Cp 
ILl1B Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl 01 Cp 
ILl1A Corpuz 1992 0-5 North Mindanao 8.917 124.867 Pl 01 Cp 
Appendix 84 84-8 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Si02 Ti02 Al203 Fe203 FeO MnO MgO Cao Na20 K20 P205 LOI Total 
wt. % wt. % wt.% wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % 
BEN29 54.46 0.68 18.46 8.41 7.57 0.14 4.16 8.84 3.08 1.26 0.29 0.17 99.95 
BEN312 57.83 0.5 15.94 6.81 6.13 0.15 4.7 7.7 3.34 1.86 0.19 0.57 99.59 
BEN31 58.04 0.5 16.07 6.91 6.22 0.16 4.72 7.74 3.38 1.84 0.18 0.73 100.29 
BEN315 61.94 0.45 17.73 5.36 4.82 0.18 2 5.39 4.69 1.97 0.3 - 99.91 
BEN30 62.44 0.49 16.85 5.8 5.22 0.1 2 2.12 5.97 3.93 1.93 0.16 0.2 100.01 
BUT52 60.19 0.5 18.01 6.46 5.81 0.14 2.5 5.71 3.79 2.05 0.3 0.34 99.99 
BUT54 62.20 0.49 16.91 5.84 5.25 0.11 1.57 5.62 3.76 1.95 0.15 0.53 99.13 
8002 58.66 0.61 18.19 6.57 0 .14 3.66 7.27 3.78 1.18 0.27 100.34 
B003 63.12 0.52 17.26 5.38 0.14 1.85 5.93 4.54 1.94 0.14 100.82 
BOOS 60.74 0.52 18.09 6.04 0.14 2.7 5.97 4.16 2.03 0.29 100.70 
BOOS 52.41 0.78 18.14 8.62 0.16 5.07 9.78 3.47 1.05 0.23 99.73 
B007 58.20 0.65 18.21 6.6 0.13 3.88 7.62 3.91 1.31 0.24 100.72 
B009 51 .66 1.28 16.44 8.78 0.17 6.86 9.35 3.48 1.28 0.4 99.68 
B014 51 .56 0.8 18.69 8.92 0.17 5.37 10.72 2.97 0.98 0.23 100.40 
B015 63.90 0.42 18.11 4.86 0.11 2.34 5.13 3.97 1.94 0.21 100.99 
B01S 48.60 1.04 16.36 9.99 0.18 10.03 11 .48 2.74 0.86 0.25 101 .52 
B017 62.25 0.37 17.06 3.93 0.13 1.75 4.75 3.92 2.47 0.23 99.85 
B01S 53.57 1.13 18.37 7.71 0.14 5.63 6.58 3.28 1.61 0.46 98.47 
C001 65.04 0.39 16.08 4.33 0.13 2.29 4.99 3.78 2.3 0.09 99.42 
C002 55.76 0.95 16.78 6.23 0.12 5.16 8.1 3.7 2.06 0.5 99.37 
coos 64.21 0.34 16.92 3.75 0.15 1.57 4.66 4.82 2.48 0.23 99.12 
coos 66.96 0.36 16.24 3.7 0.11 1.99 4.36 4.18 2.47 0.06 100.43 
BUT2S 51 .37 0.82 18.29 9.87 8.88 0.14 5.65 9.2 2.99 0.96 0.22 - 99.38 
BUT1 52.68 0.78 18.57 9.38 8.44 0.14 5.02 9.42 3.1 1.1 0.25 - 99.98 
BUT51 52.84 0.88 17.2 8.17 7.35 0.17 6 9.09 3.44 1.51 0.43 - 99.56 
CAB55 56.71 0.62 17.1 7.84 7.05 0.15 4.53 8.11 3.15 1.44 0.2 - 99.92 
GIN53 57.55 0.64 18.1 2 7.4 6.66 0.13 3.82 7.46 3.55 1.27 0.31 - 100.18 
GIN5S 58.25 0.58 18.29 7.05 6.34 0.12 3.42 7.21 3.63 1.16 0.26 - 99.70 
G001 61 .31 0.51 18.38 5.52 0.13 3.12 6.83 3.64 1.09 0.22 100.75 
G004 59.18 0.59 18.38 6.53 0.14 3.73 7.56 3.44 1.25 0.27 101.07 
GOOS 61 .05 0.49 17.99 5.54 0.11 2.88 6.13 4.68 1.28 0.23 100.37 
GIN27 58.58 0.59 18.42 7.03 6.33 0.13 3.46 6.82 3.54 1.2 0.27 0.23 100.27 
GIN265 58.89 0.58 18.33 7.05 6.34 0.15 3.4 7.16 3.63 1.19 0.26 - 100.40 
CAM275 59.40 0.59 17.85 6.65 5.98 0.11 3.32 6.72 3.71 1.59 0.29 - 99.63 
GIN2S 61 .40 0.48 17.93 6.05 5.44 0.1 2.63 6.1 3.67 1.33 0.23 0.51 100.43 
PH92-1S5 52.7 0.92 19.15 9.16 8.24 0.17 2.98 8.3 3.41 2.7 0.54 0.07 99.18 
PCBAL4 50.5 0.82 17.95 10.40 9.36 0.14 5.05 9.1 3.18 1.1 0.31 1.1 98.61 
Talisayan 50.30 0.85 20.35 9.11 8 .20 0.17 3.23 10.4 3 1.91 0.32 0.49 100.13 
Kinoguitan 52.00 0.93 19.72 9.33 8.40 0.18 2.41 7.75 3.51 2.29 0.42 1.6 100.14 
PH92-164 51 .2 0.82 20.1 8.63 7.77 0.16 3.23 8.8 3.11 2.78 0.44 0.85 99.26 
BAL9 48.24 0.95 19.32 10.3 9.27 0.18 4.63 11 .02 2.79 1.55 0.28 0.61 99.87 
BAL2 48.71 0.9 18.9 11 .2 10.08 0.19 5.6 10.85 2.84 0.98 0.23 - 100.09 
BAL3 49.17 0.87 18.4 9.91 8.92 0.18 5.11 11 .11 2.51 1.48 0.3 0.6 99.64 
BAL11 50.50 0.91 18.25 9.83 8 .85 0.18 5.22 10.09 3.05 1.51 0.33 0 99.87 
BAL4 52.50 0.9 20.07 8.08 7.27 0.13 2.9 9.38 3.36 2.22 0.44 0.47 100.45 
BAL10 56.84 0.68 17.42 7.15 6.43 0.13 2.86 6.88 3.74 2.46 0.32 0.03 98.51 
BAL12 59.58 0.49 18.39 5.12 4.61 0.13 1.64 5.65 3.57 3.79 0.35 0.7 99.41 
BIN1A 50.33 0.82 20.87 8.53 7.68 0.16 3.5 10.24 2.96 2.47 0.42 0 100.30 
BIN2B 52.40 0.85 19.89 8.23 7.41 0.14 3.01 9.28 3.34 2.24 0.42 0.14 99.94 
BIN9 52.59 0.83 20.17 7.99 7.19 0.12 2.88 9.36 3.41 2.29 0.41 0.37 100.42 
BIN2A 54.09 0.99 16.94 9.61 8.65 0.22 3.11 7.09 4 .15 2.65 0.59 0.3 99.74 
BINS 54.14 0.105 17.37 9.79 8.81 0.2 3.31 7.05 4.04 2.55 0.57 - 99.73 
BIN1B 54.74 1 16.96 9.59 8.63 0.19 3.14 6.93 3.95 2.69 0.57 0.34 100.10 
BINS 55.12 0.98 16.97 9.34 8.40 0.16 3.04 6.94 4.04 2.63 0.56 0.14 99.92 
BIN3 56.67 0.77 17.39 7.13 6.42 0.16 2.29 5.56 4.17 3.78 0.39 0.56 98.87 
BINS 57.20 0.97 16.81 8 .08 7.27 0.2 2.47 5.49 4.56 3.08 0.58 - 99.24 
BIN4 57.89 0.98 16.92 8.13 7.32 0.18 1.99 5.41 4.63 3.13 0.59 0.47 100.32 
ILl1B 51.41 0.83 16.51 10.15 9.13 0.16 6.7 10.2 2.99 0.49 0.15 0.33 99.92 
ILl1A 51 .82 0.81 15.59 9.66 8.69 0.14 6.89 11 .13 2.91 0.59 0.15 0.63 100.32 
Appendix 84 84-9 
Published major-, minor- and trace-element data from the Sangihe arc (norlh Sulawesi to Camiguin Island) 
Sample Rb Ba Nb La Ce Sr Nd Zr Eu Dy y Er Yb Sc Ni 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
BEN29 21 310 4 10 17 768 16 40 16 22 
BEN312 32 436 5 14 21 668 10 58 17 42 
BEN31 30 424 5 11 24 672 12 59 16 42 
BEN315 34 537 5 14 33 778 17 86 19 3 
BEN30 41 570 6 13 26 641 16 72 15 11 
BUT52 38 498 4 12 21 720 17 76 17 7 
BUT54 39 578 5 17 26 650 15 73 17 9 
B002 27.3 255 2 14.6 18.7 832 15.4 51 1.2 2.8 13.4 1.4 1.4 19.2 
B003 19.2 362 5 850 97 21.8 7.3 
BOOS 43.1 304 2 705 71 20.3 3.9 
B006 14.6 171 2 790 31 19.1 24.8 
B007 44.3 267 4 704 75 16.2 23.9 
8009 14.7 332 10 679 52 20.4 106.1 
B014 50.3 162 2 692 78 17.4 24.2 
B015 21.6 334 2 769 104 16.9 10.5 
B016 43.1 192 4 9.4 19.5 705 13.1 71 1 2.9 20.3 1.4 1.3 125.4 
B017 50.3 401 4 17.2 26.3 692 14.3 78 0.9 2.6 17.4 1.5 1.6 1.7 
B018 21.6 291 7 20.1 42.5 769 24.3 104 1.6 3.1 16.9 1.3 1.1 101.7 
C001 49.9 350 4 523 73 15.4 7.6 
C002 30.9 366 11 1148 99 13.6 59.1 
C006 50.3 372 3 680 77 16.9 0.4 
coos 54.1 362 3 506 78 12.8 7 
BUT28 13 320 3 13 15 822 14 32 19 42 
BUT1 18 258 4 8 16 768 16 31 17 23 
BUT51 25 432 8 24 45 961 21 112 14 70 
CAB55 29 374 3 11 20 597 15 50 17 29 
GIN53 21 388 5 12 22 913 12 58 14 26 
GIN56 20 377 4 10 24 825 15 56 12 19 
G001 23.4 295 3 11 .3 21 .1 810 11 .6 59 0.9 2.3 22.3 1.2 1.4 17.7 
G004 42.2 249 3 10.5 20.5 653 11 .6 76 1 2.5 24.5 1.4 1.1 22.1 
G006 17.9 290 2 13.1 22.2 760 14.5 39 1.1 2.7 25.3 1.4 1.5 28.1 
GIN27 20 395 4 17 21 790 11 54 20 20 
GIN265 21 399 5 12 21 826 18 53 14 21 
CAM275 34 463 6 18 32 825 14 79 17 19 
GIN26 25 448 5 11 24 777 20 63 13 16 
PH92-165 52 368 3.45 9.3 20 590 16 74 1.4 4.9 36 3.2 3.1 21 12 
PCBAL4 17.6 290 2.25 8.8 18 905 13 41 0.95 2.1 13 1.1 0.88 22 60 
Talisayan 34 295 1.75 6.8 15 710 11 50 0.9 3.1 18 2.1 1.78 22 16 
Kinoguitan 38 368 2.8 11 .6 21 665 18 65 5.6 5.6 52 4.2 3.42 20 9 
PH92-164 60 310 2.8 7.3 18 555 11 57 0.95 3.1 18.5 1.8 1.78 20.5 17 
BAL9 28 250 5 6 8 756 45 38 15 18 
BAL2 15 176 4 7 11 708 39 46 16 27 
BAL3 23 250 5 8 10 729 41 42 17 31 
BAL11 20 657 6 12 20 717 45 70 19 22 
BAL4 31 346 5 10 16 729 46 64 19 13 
BAL10 53 912 6 16 23 635 46 101 17 11 
BAL12 89 521 7 15 23 573 52 114 19 5 
BIN1A 58 262 5 8 10 608 46 46 18 13 
BIN2B 42 733 5 14 27 734 50 89 28 5 
BIN9 39 330 5 11 17 726 42 62 19 13 
BIN2A 36 336 6 10 12 733 43 66 20 13 
BIN6 36 414 7 14 34 664 39 91 29 10 
BIN1B 45 382 5 14 29 639 43 87 30 9 
BINS 39 414 7 16 28 667 42 90 28 7 
BIN3 69 496 6 12 29 534 41 97 27 5 
BINS 52 457 7 15 28 600 46 107 31 4 
BIN4 58 481 7 16 31 614 46 110 34 5 
ILl1B 8 103 5 10 5 512 35 63 20 76 
ILl1A 10 90 5 6 5 521 38 63 18 85 
Appendix 84 84-10 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Cr Co v Cu Zn Pb Cs Th u Ta Pr Sm Hf Gd Tb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
BEN29 29 190 69 8 1 
BEN312 164 158 70 12 1 
BEN31 167 157 69 13 1 
BEN315 5 62 80 16 1 
BEN30 14 142 58 13 2 
BUT52 5 109 57 12 1 
BUT54 15 133 62 12 1 
B002 151 3.7 3.1 0.45 
B003 131 
B005 120 
BOO& 249 
B007 162 
B009 238 
B014 276 
B015 86 
B016 282 2.8 3.1 3.4 0.46 
B017 60 3.5 2.7 2.8 0.37 
B01S 199 5.5 4.6 4.4 0.54 
C001 110 
C002 193 
COO& 61 
coos 83 
BUT2S 101 220 76 8 1 
BUT1 25 224 66 10 1 
BUT51 118 191 66 9 2 
CAB55 62 200 68 10 1 
GIN53 38 145 66 8 1 
GIN56 37 143 61 12 1 
G001 116 2.8 2.4 2.5 0.36 
G004 151 2.8 2.6 2.8 0.38 
GOO& 121 3.3 2.9 3 0.42 
GIN27 39 151 64 9 1 
GIN265 39 145 65 13 1 
CAM275 39 138 62 14 1 
GIN26 26 111 57 13 1 
PH92-165 8 20 260 
PCBAL4 152 38 240 
Tallsayan 11 25 320 
Kinogultan 5 22 279 
PH92-164 32 24 270 
BAL9 9 339 66 12 2 
BAL2 43 316 70 12 0.1 
BAL3 34 317 73 10 0.1 
BAL11 38 243 60 10 3 
BAL4 11 220 71 12 1 
BAL10 17 172 63 14 4 
BAL12 8 88 57 13 3 
BIN1A 13 274 68 8 3 
BIN2B 6 223 92 13 3 
BIN9 11 221 68 12 5 
BIN2A 11 213 77 14 3 
BIN6 8 238 87 15 5 
BIN1B 7 220 91 15 2 
BINS 7 225 84 19 0.1 
BIN3 8 153 82 18 4 
BINS 7 140 87 18 0.1 
BIN4 7 144 87 16 3 
ILl1B 142 259 75 10 2 
ILl1A 193 236 72 9 5 
Appendix 84 84-11 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Ho Tm Lu Ga Ge As Mo Ag Cd In Sn w Tl Bi Sb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
BEN29 21 
BEN312 16 
BEN31 20 
BEN315 21 
BEN30 17 
BUT52 20 
BUT54 17 
B002 0.21 
B003 
BOOS 
B006 
B007 
B009 
B014 
B015 
B016 0.21 
B017 0.27 
B018 0.17 
C001 
C002 
C006 
coos 
BUT28 23 
BUT1 18 
BUT51 20 
CAB55 16 
GIN53 18 
GIN56 21 
G001 0.15 
G004 0.21 
G006 0.22 
GIN27 21 
GIN265 17 
CAM275 20 
GIN26 18 
PH92-165 
PCBAL4 
Tallsayan 
Kinoguitan 
PH92-164 
BAL9 11 
BAL2 15 
BAL3 14 
BAL11 17 
BAL4 15 
BAL10 17 
BAL12 17 
BIN1A 19 
BIN2B 17 
BIN9 19 
BIN2A 19 
BIN6 20 
BIN1B 14 
BINS 20 
BIN3 14 
BINS 16 
BIN4 15 
ILl1B 14 
ILl1A 16 

Appendix 84 84-13 
Published major-, minor- and trace-element data from the Sangihe arc (norlh Sulawesi to Camiguin Island) 
Sample Source Age Region Volcanic Latitude Longitude 
(Ma) Centre Degrees Degrees Pl 01 Cp Op Hb Bt 
Pl = plagioclase, 01 =olivine, Cp = cl inopyroxene, Op = orthopyroxene, Hb = hornblende, Bl= biotite. 
8AL13 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl Cp 
8AL4 Corpuz 1992 0-5 North Mindanao Mt Balingoan 8.917 124.867 Pl Cp 
Q90-60 Sajona et al. 2000 0-5 North Mindanao SW Butuan City 8.873 125.453 Pl Cp Op 
Salay Sajona et al. 2000 0-5 North Mindanao Mt Balingoan 8.841 124.797 Pl Cp Op 
PH92-166 Sajona et al. 2000 0-5 North Mindanao Mt Balingoan 8.817 125.156 Pl OI Cp 
PH92-156 Sajona et al. 2000 0-5 North Mindanao Mt Balingoan 8.777 124.797 Pl Cp Op 
PH92-158 Sajona et al. 2000 0-1 North Mindanao Mt Balingoan 8.698 124.766 Pl Cp Op 
PH92-155 Sajona et al. 2000 0-5 Central Mindanao Kitanglad Mins 8.238 124.578 Pl Cp Op 
KT425 Sajona et al. 2000 0-5 Central Mindanao Mt.Kaatoan 8.238 124.977 Pl Cp Op 
KT17 Sajona et al. 2000 0-5 Central Mindanao Mt.Kaatoan 8.206 125.039 Pl Cp Op 
PH93-69 Sajona et al. 2000 0-5 Central Mindanao Mt.Kaatoan 8.198 124.578 Pl Cp Op 
PH92-150 Sajona et al. 2000 0-5 Central Mindanao lligan City area 8.19 124.195 Pl 01 Cp 
KT58P Sajona et al. 2000 0-5 Central Mindanao Mt.Kaatoan 8.19 124.875 Pl Cp Op 
PH92-153 Sajona et al. 2000 0-5 Central Mindanao Kauswagan 8.167 124.047 Pl 01 Cp 
PH93-68 Sajona et al. 2000 0-5 Central Mindanao Kauswagan 8.151 124.086 Pl 01 Cp 
KAT9 Corpuz 1992 0-5 Central Mindanao 8.15 124.958 Pl Hb Bt 
PH93-67 Sajona et al. 2000 0 - 5 Central Mindanao Maiga 8.135 124 Pl Cp 
MN0-89-12 Sajona et al. 1994 5.47-17.1 Central Mindanao 8.13 125.13 Pl Cp 
KT52J Sajona et al. 2000 0-5 Central Mindanao Mt. Kaatoan 8.119 124.953 Pl Hb 
KT54J8 Sajona et al. 2000 0 - 5 Central Mindanao Mt. Kaatoan 8.119 124.953 Pl Hb 
KT42J Sajona et al. 2000 0 - 5 Central Mindanao Mt. Kaatoan 8.095 124.875 Pl Cp Op 
PH92-144 Sajona et al. 2000 0-5 Central Mindanao Kaatoan to Kalatundan 8.063 124.852 Pl Cp Hb 
PH93-71 Sajona et al. 2000 0 - 5 Central Mindanao Mt.Kaatoan 8.063 124.688 Pl Hb 
PH92-145 Sajona et al. 2000 0 - 5 Central Mindanao Kaatoan to Kalatundan 8.045 124.85 Pl Cp Op Hb 
PH92-146 Sajona et al. 2000 0 - 5 Central Mindanao Kaatoan to Kalatundan 8.045 124.84 Pl 01 Cp 
PH92-149 Sajona et al. 2000 0 - 5 Central Mindanao Kaatoan to Kalatundan 8.04 124.828 Pl 01 Cp 
KT-1 Sajona et al. 2000 0-5 Central Mindanao Kaatoan to Kalatundan 8.032 124.827 Pl Cp Hb 
PH 92-151 Sajona et al. 1994 2.2-2.42 Central Mindanao 8 124.3 Pl Cp 
KALB Corpuz 1992 0-5 Central Mindanao 7.967 124.978 Pl Cp 
KL126 Sajona et al. 2000 0-5 Central Mindanao Mt. Kalatungan 7.937 125.02 Pl Hb Bt 
KL205J Sajona et al. 2000 0 - 2 Central Mindanao Mt. Kalatungan 7.929 124.953 Pl Cp 
KL-162 Sajona et al. 1997 0.48-0.56 Central Mindanao Mt. Kalatungan 7.873 124.857 Pl Cp Bt 
MUS15 Corpuz 1992 0-5 Central Mindanao 7.867 125.2 Pl Cp 
KL166 Sajona et al. 2000 0-5 Central Mindanao Mt. Kalatungan 7.857 124.812 Pl Cp Op 
KL88-1 Sajona et al. 2000 0-5 Central Mindanao Mt. Kalatungan 7.857 124.961 Pl 01 Cp 
QUE7 Corpuz 1992 0-5 Central Mindanao 7.85 125.2 Pl Cp 
KL167 Sajona et al. 2000 0-2 Central Mindanao Mt. Kalatungan 7.825 124.766 Pl Hb 
PH92-140 Sajona et al. 2000 0-2 Central Mindanao Mt. Kalatungan 7.81 124.844 Pl Cp Op 
PH92-141 Sajona et al. 2000 0-2 Central Mindanao Mt. Kalatungan 7.81 124.891 Pl Hb 
KL188 Sajona et al. 2000 0-2 Central Mindanao Mt. Kalatungan 7.796 124.922 Pl Cp 
KL-143C Sajona et al. 1997 0-0 Central Mindanao Mt. Kalatungan 7.794 124.825 Pl Hb 
KL-1438 Sajona et al. 2000 0-5 Central Mindanao Mt. Kalatungan 7.777 124.781 Pl Hb 
PH92-136 Sajona et al. 2000 0-5 Central Mindanao Kitaotao village 7.77 125.039 Pl 01 Cp 
PH92-135 Sajona et al. 2000 0-5 Central Mindanao Kitaotao village 7.77 125.039 Pl 01 Cp 
PH92-134 Sajona et al. 2000 0 - 5 Central Mindanao Kitaotao village 7.77 125.055 Pl 01 Cp 
MN089-16a Sajona et al. 1994 0.35-0.45 Central Mindanao 7.7 125 Pl 01 Cp 
8UT6 Corpuz 1992 0 - 5 Central Mindanao 7.758 125.2 Pl 01 Cp 
MNO 89-168 Sajona et al. 2000 0.18-0.32 Central Mindanao Maramag - Bukidnon 7.7 125 Pl 01 Cp 
MNO 89-17 Sajona et al. 1994 0.88-1 .43 Central Mindanao 7.667 125.15 Pl Cp 
PH93-76 Sajona et al. 2000 0-5 Central Mindanao Kauswagan 7.508 124.367 Pl Cp Hb 
P90-7 Sajona et al. 2000 0-5 Central Mindanao Banka village 7.492 124.414 Pl OI Cp 
PH93-77 Sajona et al. 2000 0-5 Central Mindanao Butig Mins 7.476 124.359 Pl Cp Hb 
PH93-74 Sajona et al. 2000 0-5 Central Mindanao Butig Mins 7.452 124.266 Pl Cp Op 
PH93-75 Sajona et al. 2000 0-5 Central Mindanao Labugan 7.429 124.266 Pl Cp Hb 
PH93-73 Sajona et al. 2000 0-5 Central Mindanao Butig Mins 7.397 124.281 Pl Cp Hb 
P90·9 Sajona et al. 1994 0.38-0.54 Central Mindanao 7.383 124.567 Pl Cp Op Hb 
PH92-120 Sajona et al. 2000 0.64-0.96 Apo District Mt.Apo 7.175 125.156 Pl 01 Cp 
I 
PH92-122 Sajona et al. 2000 0- 3 Apo District Mt.Apo 7.175 125.156 Pl Hb Bt 
MARS. Corpuz 1992 0-5 Apo District Mt.Apo 7.15 125.33 Pl Cp 
Appendix 84 84-14 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Si02 Ti02 Al203 Fe203 FeO MnO MgO Cao Na20 K20 P205 LOI Total 
wt.% wt. % wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt. % wt. % wt.% 
BAL13 52.00 0.86 15.65 9.86 8.87 0.16 7.49 10.1 8 3.1 0.56 0.15 - 99.95 
BAL4 52.54 0.83 15.25 10.03 9.02 0.17 7.71 10.4 3.04 0.62 0.16 - 100.49 
Q90-60 57.36 0.64 17.68 7.18 6.46 0.16 3.09 7.23 3.16 1.74 0.24 0.84 98.60 
Salay 52.5 1.02 17.8 9.80 8 .82 0.21 3.09 7.93 3.75 2.26 0.49 1.32 99.19 
PH92-166 48.7 0.86 19.85 9.40 8.46 0.17 4.15 10.25 2.74 1.68 0.32 1.77 98.95 
PH92-156 52.65 0.94 19.2 9.15 8.23 0.17 3.2 8.7 3.47 2.41 0.48 0.24 99.69 
PH92-158 54.5 1.01 16.84 9.75 8.77 0.2 3.11 6.74 3.88 2.72 0.55 . 0.88 99.20 
PH92-155 53.5 1.08 16.18 - 8.08 0.15 5.69 7.6 3.58 2.96 0.65 0.1 99.57 
KT425 53 0.63 20.3 7.70 6.93 0.19 2.87 9.3 4.85 0.92 0.43 0.31 99.73 
KT17 58.4 0.61 16.8 6.12 5.51 0.12 4.64 6.15 3.77 1.96 0.25 0.94 99.15 
PH93-69 53.5 1.08 16.9 8.64 7.77 0.14 5.34 7.28 3.7 3.02 0.63 - 99.36 
PH92-150 52.3 0.78 14.55 - 8.82 0.17 8.1 11 2.9 0.55 0.16 0 99.33 
KT58P 54 0.96 19.45 7.00 6.30 0.12 3.46 5.35 3.73 2.69 0.6 2.44 99.10 
PH92-153 51.4 1.3 16.5 - 10.21 0.1 7 7.1 8.13 3.14 0.26 0.16 0.81 99.18 
PH93-68 51 .4 0.76 16.4 - 8.75 0.17 8.45 8.3 2.82 1.11 0.21 0.22 98.59 
KAT9 64.00 0.58 16.84 4.36 3.92 0.09 2.18 4.39 4.09 2.8 0.26 0.71 100.30 
PH93-67 56.7 1.14 16.6 - 6.93 0.1 5.9 6.55 4.1 1.27 0.23 0.17 99.69 
MN0-89-12 55.3 0.87 18.18 - 6.71 0.16 3.85 8.24 3.04 0.65 0.3 1.6 98.90 
KT52J 59.1 0.52 17.5 - 4.36 0.1 3.46 4.92 4.14 2.1 0.22 2.64 99.06 
KT54JB 59.25 0.53 17.05 - 4.57 0.1 3.7 5.04 4.02 2.14 0.2 2.34 98.94 
KT42J 56.2 0.65 18.3 3.25 2.92 0.12 4.55 6.34 3.7 1.46 0.23 2 96.47 
PH92-144 58 0.69 17 - 5.71 0.12 4.22 6.8 3.96 1.88 0.24 1.19 99.81 
PH93-71 66.75 0.31 16.76 3.13 2.82 0.09 1.23 3.91 3.98 1.97 0.13 1.99 99.94 
PH92-145 56.5 0.8 17 - 6.97 0.14 4.3 7.2 3.65 2.05 0.26 0.17 99.04 
PH92-146 53 0.87 16.5 - 8.19 0.15 6.1 8.9 3.25 2.02 0.31 0.07 99.36 
PH92-149 51 .8 0.88 14.25 . 8.91 0.17 7.1 9.42 3.1 1.83 0.31 1.07 98.84 
KT-1 53.1 0.81 15.5 8.85 7.96 0.15 7.6 8.25 2.85 2.25 0.33 0.51 99.31 
PH 92-151 55.80 1.03 16.3 7.84 7.05 0.1 5.71 7.43 3.45 1.14 0.22 1.51 100.53 
KAL8 54.11 1 16.93 8.24 7.41 0.14 4.65 7.34 3.63 2.76 0.61 0.17 99.58 
KL126 68.1 0.29 15.75 - 2.16 0.05 1.57 3.75 4.7 1.2 0.1 1.95 99.62 
KL205J 52.85 0.9 17.5 8.45 7.60 0.14 5.15 7.5 3.26 1.87 0.32 - 97.09 
KL-162 56.2 0.73 20.1 - 4.46 0.13 1.72 6 4.6 3.75 0.52 0.99 99.20 
MUS15 55.67 0.74 16.73 7.69 6.92 0.14 6.07 7.25 3.27 1.37 0.27 0.86 100.06 
KL166 57 1.15 17.7 6.73 6.06 0.13 1.68 3.93 4.5 4.8 0.67 1.17 98.79 
KL88-1 51.4 0.97 17.1 8.62 7.76 0.14 4.8 7.6 3.4 3 0.63 2.37 99.17 
QUE7 54.27 0.83 16.49 7.91 7.12 0.13 7.76 7.63 3.43 1.29 0.24 0.41 100.39 
KL167 59.2 0.63 17.4 5.84 5.26 0.1 3.02 5.65 3.9 2.43 0.26 1.1 98.95 
PH92-140 55.6 1.08 17.7 7.55 6.79 0.14 2.62 5.9 4.42 3.75 0.76 - 98.76 
PH92-141 61.2 0.75 18 6.48 5.83 0.12 1.6 5.03 4.3 1.44 0.28 - 98.55 
KL188 52.2 0.98 16.1 8.20 7.38 0.15 8 9.15 3.27 1.41 0.38 0.22 99.24 
KL-143C 64.75 0.39 16.8 - 3.54 0.08 2.24 4.6 4.28 1.71 0.17 0.57 99.13 
KL-1438 62.3 0.46 16.28 4.71 4 .24 0.09 2.7 5.2 3.89 2 0.17 1.59 98.92 
PH92-136 51.5 0.95 18.7 - 7.67 0.23 2.77 7.24 3.83 3.2 0.67 2.22 98.98 
PH92-135 52 1.03 16.58 - 7.75 0.14 7.15 8 3.84 1.05 0.33 1.23 99.10 
PH92-134 52.6 1.07 16.1 - 9.32 0.15 7.1 8.4 3.35 0.58 0.17 0 98.84 
MN089-16a 52.50 1.01 18.89 7.82 7.04 0.14 3.01 7.46 3.65 3.06 0.75 0.68 98.97 
BUTS 52.01 1.1 16.58 10.3 9.27 0.16 7.45 8.59 3.16 0.46 0.15 0.43 100.39 
MNO 89-168 49.8 1.07 15.22 - 7.69 0.14 9.6 8.55 3.09 1.3 0.3 1.33 98.09 
MNO 89-17 53.50 1.42 16.38 8.55 7.69 0.13 5.87 7.5 3.6 0.98 0.3 0.99 99.22 
PH93-76 56.4 0.87 18 - 6.57 0.1 1 4.35 7.7 3.93 1.19 0.25 0.06 99.43 
P90-7 50.2 0.79 17.17 - 9.90 0.1 8 4.35 9.07 3.26 0.7 0.16 0 95.78 
PH93-77 55.9 0.97 16.6 - 7.65 0.1 2 6.15 7.75 3.74 0.57 0.18 0 99.63 
PH93-74 57.7 0.83 17.2 - 6.25 0.1 2 4.2 6.85 3.88 0.77 0.19 0 97.99 
PH93-75 59.25 0.66 17.27 - 5.43 0.09 4.47 6.87 4.05 0.79 0.18 0.14 99.20 
PH93-73 57.9 0.97 16.78 - 6.72 0.15 4.92 7.4 3.83 0.66 0.18 0.21 99.72 
P90-9 60.90 0.52 17.65 5.61 5.05 0.1 2.25 5.41 3.93 2.37 0.32 0.92 99.95 
PH92-120 48.85 1.29 18.25 - 9.30 0.18 5.17 10.18 3.33 1.67 0.39 0.26 98.87 
PH92-122 62.4 0.57 16.36 5.20 4.68 0.11 2.25 5.38 3.43 3.03 0.2 0.7 99.11 
MARS. 53.10 0.84 19.01 9.85 8 .86 0.19 4.12 7.48 3.39 1.62 0.4 0.38 100.38 
Appendix 84 84-15 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Rb Ba Nb La Ce Sr Nd Zr Eu Dy y Er Yb Sc Ni 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
BAL13 10 100 4 7 6 495 37 56 15 78 
BAL4 11 114 5 7 5 472 38 66 16 78 
Q90-60 29 415 2.4 10.85 24 460 16 96 1.05 4 26 2.8 2.6 22 9 
Salay 38 335 3 9.95 24 642 17 70 1.05 4.1 25 2.4 2.32 24 7 
PH92-166 28.5 250 2.25 5.25 13 615 9.5 42 0.9 3 18 2 1.73 24 18 
PH92-156 40.5 364 3.15 9.25 22 672 15 73 1.15 4 23.5 2.5 2.32 21.5 11 
PH92-158 44.5 405 4.15 12.55 30 616 20 94 1.4 4.8 29 3 2.83 21 2 
PH92-155 92 353 9.35 16.55 36 468 21 .5 166 1.35 4.2 26 2.6 2.38 23 62 
KT425 8.5 330 2.2 19.8 37 1070 20 17 1.3 3 16.9 1.5 1.45 13.6 6 
KT17 54.5 270 4.4 19 30 576 19.5 107 1.2 3.9 26 2.3 2.2 17 88 
PH93-69 89 345 9.3 17.4 38 493 20.5 163 1.2 4.1 24 2.3 2.25 19.5 55 
PH92-150 7.7 95 2.5 4.45 12 430 7.5 56 0.75 3.2 18.7 2 1.85 38 88 
KT58P 64 380 10 29 45 522 29 190 1.5 5 35 3 2.68 14 42 
PH92-153 4.4 63 4.2 5.2 16 253 10 82 1.2 3.8 20 2.2 1.72 23 160 
PH93-68 16.2 140 2.3 8.2 20 658 12.5 49 0.85 2.7 15.2 1.6 1.45 26.7 176 
KAT9 102 345 9 16 40 497 52 184 25 20 
PH93-67 32 180 9.65 11.4 22 568 12.5 49 0.85 2.7 15.2 1.6 1.45 26.7 176 
MN0-89-12 20 132 3.2 9 - 320 15.3 88 1.05 3.5 24 2.6 2.35 23 23 
KT52J 57 335 5.1 12.8 26 620 13 68 0.75 2.3 13.5 1.3 1.22 10.3 64 
KT54JB 58 330 5.2 12.2 28 612 13 64 0.8 2.3 13.5 1.4 1.25 11 78 
KT42J 28.4 334 4.6 13.3 26 616 15 105 0.9 2.9 17.5 1.7 1.6 16.7 53 
PH92-144 50 275 4.3 11 .3 26 565 13 101 0.9 3 18 1.8 1.62 17.5 38 
PH93-71 58 380 4.5 12.2 22 434 12 96 0.7 2.5 15.8 1.6 1.52 7 46 
PH92-145 58 254 4.2 11.1 24 476 14 110 1 3.5 21 2 1.9 22 31 
PH92-146 47 260 4.4 9.4 21 512 12.5 97 0.95 3.3 20 1.9 1.75 28.5 51 
PH92-149 31 297 2.9 6.6 15 420 10.5 75 0.95 3.4 20.5 1.9 1.88 31 60 
KT-1 46 298 3.6 8.9 18 408 12 81 1 3.6 21 .5 2 1.9 27 120 
PH 92-151 26.7 179 5.58 6.8 14.5 335 11 95 1.05 2.9 16.4 1.5 1.32 20 136 
KAL8 86 392 10 16 43 487 49 163 28 53 
KL126 27.2 266 1.4 6.1 13 393 6 466 0.45 1.3 6.8 0.7 0.55 7 24 
KL205J 36.7 390 4 16 26 520 20 97 1.5 4.9 33 2.8 2.58 53 45 
KL-162 89 680 8.2 16.6 35 664 18.5 146 1.1 3.4 20.2 1.9 1.98 8.4 12 
MUS15 25 305 6 8 18 441 45 101 21 87 
KL166 111 810 10.4 23.7 48 360 32 200 1.8 5.7 34 3.2 3.1 14.8 2 
KL88-1 66.3 540 6.1 13.35 30 537 17.5 115 1.2 3.7 21 .2 2.1 1.92 20.4 35 
QUE7 30 238 10 9 16 454 41 83 17 162 
KL167 62 435 5.9 13.2 25 618 14 138 0.85 2.7 17 1.5 1.48 12.4 36 
PH92-140 85 740 7.7 17.55 36 515 24 175 1.55 5 29 2.8 2.65 16.5 5 
PH92-141 23 420 4.2 13.2 25 590 14 102 0.95 2.4 15.3 1.7 1.45 7.2 2 
KL188 22 252 8.1 17.5 38 655 20.5 111 1.2 3 17.4 1.7 1.48 24 185 
KL-143C 43.6 327 3.8 10.3 22 565 10 50 0.65 1.7 10.3 1.1 0.95 9 27 
KL-1438 42 470 5.8 12.9 24 539 11 95 0.65 2 13 1.3 1.25 13.6 17 
PH92-136 65 610 7.45 14.05 30 595 19 125 1.3 3.5 20.5 2 1.95 14.2 16 
PH92-135 14.2 310 7.35 16.35 31 690 18 101 1.15 3.3 19.5 2 1.62 24 142 
PH92-134 8.7 87 3.65 5.65 12 298 10 80 1 3.5 20.5 1.8 1.78 24 115 
MNO 89-16a 72 635 6.2 12 643 17.5 110 1.1 5 3.1 22 2.3 1.8 16.5 17 
BUTS 7 61 6 9 9 306 36 81 22 114 
MN089-16B 20 215 5.5 14.6 - 578 19 122 1.3 3.6 22 2 1.8 30 236 
MN089-17 16 184 10.5 15.5 540 20 137 1.35 3.9 28 2.3 1.8 23 83 
PH93-76 18 175 5.8 10.9 23 645 13 95 1 2.9 15.5 1.5 1.28 17.4 27 
P90-7 27 92 1.55 4.5 13 358 8.5 59 0.85 3.6 22 2.4 2.22 35 14 
PH93-77 9.3 119 5.3 10 19 467 11 79 0.95 3.3 18.6 1.8 1.55 19.2 60 
PH93-74 12.4 190 4.9 28.5 34 550 26.5 95 1.85 5.5 35 3 2.52 16.5 43 
PH93-75 13.2 156 4.7 12.8 23 622 12 90 0.85 2.6 16.3 1.5 1.4 15.7 55 
PH93-73 10.9 178 3.8 12.3 22 481 15.5 90 1.15 3.4 19 1.8 1.52 17 60 
p 90-9 62 348 6.35 13.9 25 403 13.5 120 3.8 3.8 19 1.9 1.78 9.5 13 
PH92-120 23 300 4 9.3 22 610 17 82 1.35 4.4 25 2.5 2.25 35 17 
PH92-122 66 500 4.4 11 .65 24 440 12.5 81 0.85 2.6 16.4 1.7 1.65 13.7 7 
MARS. 21 471 4 14 20 663 41 67 21 19 
Appendix 84 84-16 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Cr Co v Cu Zn Pb Cs Th u Ta Pr Sm Hf Gd Tb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
8AL13 169 212 67 10 0.1 
8AL4 192 233 68 10 4 
Q90-60 9 20 188 
Salay 3 25 290 
PH92-166 25 25 325 
PH92-156 9 22 270 
PH92-158 2 20 240 
PH92-155 166 32 250 
KT425 8 18 250 
KT17 164 24 148 
PH93-69 164 31 240 
PH92-150 400 40 240 
KT58P 73 23 190 
PH92-153 265 46 175 
PH93-68 234 38 245 
KAT9 30 82 46 15 8 
PH93-67 234 38 245 
MN0-89-12 39 180 
KT52J 95 16 105 
KT54J8 110 17 110 
KT42J 113 26 148 
PH92-1 44 97 22 165 
PH93-71 58 10 50 
PH92-145 71 26 205 
PH92-146 175 34 245 
PH92-149 245 35 245 
KT-1 385 36 222 
PH 92-151 255 30 146 
KAL8 104 207 78 12 3 
KL126 40 8 59 
KL205J 94 29 236 
KL-162 12 15 130 
MUS15 233 172 68 9 3 
KL166 3 12 222 
KL88-1 68 29 243 
QUE7 280 172 63 7 4 
KL167 34 17 171 
PH92-140 3 18 220 
PH92-141 3 10 110 
KL188 375 39 210 
KL-143C 36 13 72 
KL-1438 63 15 124 
PH92-136 14 20 230 
PH92-1 35 280 37 190 
PH92-134 260 41 183 
MNO 89-16a 35 230 
8 UT6 216 165 86 7 1 
MNO 89-168 426 140 2.36 0.46 0.372 3.02 
MN0 89-17 142 175 
PH93-76 31 25 170 
P90-7 24 31 338 
PH93-77 187 33 140 
PH93-74 125 28 125 
PH93-75 112 24 112 
PH93-73 130 29 124 
p 90-9 14.5 15 106 
PH92-120 19 31 355 
PH92-122 21 13 142 
MARS. 11 197 74 9 3 
Appendix 84 84-17 
Published major-, minor- and trace-element data from the Sangihe arc (norlh Sulawesi to Camiguin Island) 
Sample Ho Tm Lu Ga Ge As Mo Ag Cd In Sn w Tl Bi Sb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
8AL13 15 
8AL4 18 
Q90-00 
Salay 
PH92-166 
PH92-156 
PH92-158 
PH92-155 
KT425 
KT17 
PH93-69 
PH92-150 
KT58P 
PH92-153 
PH93-68 
KAT9 16 
PH93-67 
MN0-89-12 
KT52J 
KT54J8 
KT42J 
PH92-144 
PH93-71 
PH92-145 
PH92-146 
PH92·149 
KT-1 
PH 92-151 
KAL8 20 
KL126 
KL205J 
KL-162 
MUS15 16 
KL166 
KL88-1 
QUE7 15 
KL167 
PH92-140 
PH92-141 
KL188 
KL-143C 
KL-1438 
PH92-136 
PH92-135 
PH92-134 
MNO 89-16a 
8UT6 19 
MNO 89-168 
MN089-17 
PH93-76 
P90-7 
PH93-77 
PH93-74 
PH93-75 
PH93-73 
p 90-9 
PH92-120 
PH92-122 
MARS. 16 

Appendix 84 B4-19 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Source Age Region Volcanic Latitude Longitude 
(Ma) Centre Degrees Degrees Pl 01 Cp Op Hb Bt 
Pl = plagioclase, 01 = olivine, Gp = clinopyroxene, Op = orthopyroxene, Hb = hornblende, Bt = biotite. 
MAR6. Corpuz 1992 0-5 Apo District Mt.Apo 7.15 125.33 Pl Gp 
MAR4. Corpuz 1992 0-5 Apo District Mt.Apo 7.15 125.33 Pl Gp 
PH92-126 Sajona et al. 2000 0-2 Apo District Mt.Apo 7.111 125.351 Pl OI Gp 
PH92-125 Sajona et al. 2000 0-3 Apo District Mt.Apo 7.111 125.351 Pl Gp Op 
MN089-37 Sajona et al. 1994 0.56-0.68 Apo District MtApo 7.02 125.47 Pl Gp 
APO? Corpuz 1992 0-3 Apo District Mt Apo 6.967 125.283 Pl Gp Op Hb 
AP03 Corpuz 1992 0-3 Apo District MtApo 6.967 125.283 Pl Gp Op Hb 
AP02 Corpuz 1992 0-3 Apo District MtApo 6.967 125.283 Pl Hb 
AP06 Corpuz 1992 0-3 Apo District MtApo 6.967 125.283 Pl Hb 
AP04 Corpuz 1992 0-3 Apo District MtApo 6.967 125.283 Pl Hb 
AP08 Corpuz 1992 0-3 Apo District MtApo 6.967 125.283 Pl Hb 
AP05 Corpuz 1992 0-3 Apo District MtApo 6.967 125.283 Pl Hb Bt 
AP01 Corpuz 1992 0-3 Apo District MtApo 6.967 125.283 Pl Hb Bl 
PH92-123 Sajona et al. 2000 0-3 Apo District Mt.Apo 6.952 125.05 Pl Hb Bl 
PH92-124 Sajona et al. 2000 0-3 Apo District Mt.Apo 6.94 125.047 Pl Cp Op 
APO Sajona et al. 2000 0-2 Apo District Mt.Apo 6.84 125.406 Pl 01 Cp 
MAT77 Sajona et al. 1997 0-0 Tampakan District Mt. Matutum 6.395 125.12 Pl Hb 
PH92-50 Sajona et al. 1994 7.52-7.88 SE Mindanao Talagutong - Sarangani 6.3 125.63 Pl Hb Bl 
PH92-50 Sajona et al. 1997 7.52-7.88 SE Mindanao Talagutong - Sarangani 6.26 125.687 Pl Op Hb 
PH92-109 Proteau et al. 2000 3.46-5.28 SE Mindanao Mt. Parker 6.21 124.735 Pl Hb 
PH92-105 Sajona et al. 1997 7.29-18.1 SE Mindanao Kiamba 5.99 124.735 Pl Hb 
37-78 Morrice et al. 1983 1.77-1 .87 Northeast Celebes Marore 4.73 125.48 Pl 01 Cp 
38-78 Morrice et al. 1983 1.77-1 .87 Northeast Celebes Marore 4.73 125.48 Pl Cp Op Hb 
45-78 Morrice et al. 1983 0.01-2 Northeast Celebes Dumarehe 4.23 125.7 Pl Cp Op 
62-78 Morrice et al. 1983 0.01-2 Southeast Celebes Bukide 3.78 125.58 Pl 01 Cp 
PJ-98 Morrice et al. 1983 0-2 Southeast Celebes Awu 3.7 125.45 Pl Cp Op 
PJ-96 Morrice et al. 1983 0.01-2 Southeast Celebes Sangihe (South) 3.53 125.52 Pl Cp Op 
PJ-107 Morrice et al. 1983 0.01-2 Southeast Celebes Kalama 3.25 125.45 Pl 01 Gp 
PJ-105 Morrice et al. 1983 0.01-2 Southeast Celebes Kalama 3.25 125.45 Pl Cp Op Hb 
PJ-117 Morrice et al. 1983 0.01-2 Southeast Celebes Kahakitang 3.17 125.52 Pl 01 Cp 
PJ-118 Morrice et al. 1983 0-0 Southeast Celebes Banua Wuhu 3.15 125.43 Pl Hb 
PJ-67 Morrice et al. 1983 0-0 Southeast Celebes Api Siau 2.78 125.4 Pl 01 Cp Op 
PJ-73 Morrice et al. 1983 0.01-2 Southeast Celebes Makalehi 2.73 125.17 Pl 01 Cp 
PJ-70 Morrice et al. 1983 0.01-2 Southeast Celebes Makalehi 2.73 125.17 Pl Cp Hb 
PJ-71 Morrice et al. 1983 0.01-2 Southeast Celebes Makalehi 2.73 125.17 Pl Hb 
PJ-58 Morrice et al. 1983 0.01-2 Southeast Celebes Siau (Tamala) 2.72 125.38 Pl 01 Cp Op 
PJ-57 Morrice et al. 1983 0.01-2 Southeast Celebes Siau (Tamala) 2.72 125.38 Pl 01 Cp Op 
PJ-65 Morrice et al. 1983 0.01-2 Southeast Celebes Siau (Tamala) 2.72 125.38 Pl Cp Op 
PJ-79 Morrice et al. 1983 0.01-2 Southeast Celebes Buhias 2.68 125.45 Pl 01 Cp Op 
PJ-83 Morrice et al. 1983 0.01-2 Southeast Celebes Pahepa 2.68 125.45 Pl 01 Gp 
PJ-81 Morrice et al. 1983 0.01-2 Southeast Celebes Pahepa 2.68 125.45 Pl 01 Gp Op 
PJ-48 Morrice et al. 1983 0.01-2 Southeast Celebes Tahulandang 2.35 125.43 Pl 01 Cp Op 
PJ-30 Morrice et al. 1983 0.01-2 Southeast Celebes Tahulandang 2.35 125.43 Pl Cp Op 
PJ-42 Morrice et al. 1983 0-2 Southeast Celebes Ruang 2.3 125.37 Pl Cp Op 
PJ-50 Morrice et al. 1983 0-2 Southeast Celebes Ruang 2.3 125.37 Pl Cp Op 
MIN44 Elburg and Foden 1998 0-2 North Sulawesi Manado Tua 1.73 124.77 Pl Cp Op Hb 
MIN46 Elburg and Foden 1998 0-2 North Sulawesi Manado Tua 1.73 124.77 Pl 01 Cp Op 
MIN47 Elburg and Faden 1998 0-2 North Sulawesi Manado Tua 1.73 124.77 Pl 01 Cp Op 
W04 Tatsumi et al. 1991 0 - 1 North Sulawesi Manado Tua Isl. 1.62 124.7 Pl 01 Cp 
WOWl Tatsumi et al. 1991 0 - 1 North Sulawesi Manado Tua Isl. 1.62 124.7 Pl 01 Cp 
WOl Tatsumi et al. 1991 0 - 1 North Sulawesi Manado Tua Isl. 1.62 124.7 Pl 01 Cp 
M18 Tatsumi et al. 1991 0 - 1 North Sulawesi Tempa 1.6 124.85 Pl 01 Cp 
M15 Tatsumi et al. 1991 0 - 1 North Sulawesi Tempa 1.6 124.85 Pl Cp Op 
M14 Tatsumi et al. 1991 0 - 1 North Sulawesi Tempa 1.6 124.85 Pl Cp Op 
M19 Tatsumi et al. 1991 0 - 1 North Sulawesi Tongkoko 1.52 125.18 Pl 01 Cp 
M23 Tatsumi et al. 1991 0 - 1 North Sulawesi Tongkoko 1.52 125.18 Pl 01 Cp Op 
M21 Tatsumi et al. 1991 0 - 1 North Sulawesi Tongkoko 1.52 125.18 Pl 01 Cp Op 
M20.2 Tatsumi et al. 1991 0 - 1 North Sulawesi Tongkoko 1.52 125.18 Pl Cp Op 
M22.2 Tatsumi et al. 1991 0 - 1 North Sulawesi Tongkoko 1.52 125.18 Pl Cp Op 
Appendix 84 84-20 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Si02 Ti02 Al203 Fe203 FeO MnO MgO Cao Na20 K20 P205 LOI Total 
wt.% wt.% wt.% wt.% wt.% wt.% wt. % wt.% wt.% wt.% wt. % wt. % wt. % 
MAR6. 54.28 0.74 19.2 8.85 7.96 0.18 3.34 8.06 3.32 1.72 0.41 0.2 100.30 
MAR4. 55.59 0.9 17.11 7.5 6.75 0.11 3.54 7.14 3.65 3.63 0.33 -0.03 99.47 
PH92-126 49.5 1.04 17.39 - 9.37 0.17 5.61 10.4 2.81 2.08 0.43 0.61 99.41 
PH92-125 52.7 0.98 17.6 9.05 8.14 0.1 8 4.03 8.3 3.34 2.47 0.42 0.74 98.90 
MN089-37 54.00 0.93 17.38 9.67 8.70 0.19 4.06 8.23 3.11 1.78 0.4 0.02 99.77 
AP07 59.87 0.66 17.93 6.29 5.66 0.11 2.07 5.28 3.73 2.7 0.28 0.76 99.68 
AP03 60.17 0.68 16.58 6.16 5.54 0.15 3.15 5.98 3.47 2.81 0.2 0.54 99.89 
AP02 61.60 0.62 16.65 5.35 4.81 0.12 2.62 5.42 3.64 2.91 0.2 0.56 99.69 
AP06 62.23 0.5 15.73 4.39 3.95 0.1 2.2 5.17 2.66 3.39 0.28 2.23 98.78 
AP04 62.90 0.6 16.24 5.1 9 4.67 0.12 2.34 5.29 3.63 3.26 0.21 -0.2 99.58 
AP08 63.87 0.58 16.14 4.86 4.37 0.1 1.83 4.63 3.65 3.41 0.19 0.63 99.89 
AP05 64.31 0.51 16.14 4.67 4.20 0.1 1.85 4.75 3.64 3.39 0.18 0.3 99.84 
AP01 64.91 0.47 15.82 4.19 3.77 0.1 1.88 4.37 3.71 3.47 0.15 1.22 100.29 
PH92-123 62.3 0.61 15.8 5.23 4.71 0.11 2.47 4.7 3.22 3.23 0.2 1.96 99.31 
PH92-124 54.25 1 17.3 8.16 7.34 0.14 3.72 7.87 3.5 1.75 0.3 0.84 98.01 
APO 50.4 0.93 18.85 - 9.41 0.1 9 4.14 10.54 2.85 1.88 0.34 0.28 99.81 
MAT77 63.25 0.56 16.6 - 4.09 0.08 2.9 5.3 4.4 1.66 0.18 0.22 99.24 
PH92-50 65 0.48 15.5 - 4.50 0.1 2.1 2 5.8 2.32 2.03 0.12 1.8 99.77 
PH92-50 65 0.48 15.5 - 4.50 0.1 2.1 2 5.8 2.32 2.03 0.12 1.8 99.77 
PH92-109 60 0.59 16.53 - 5.26 0.11 3.55 6.84 4 1.2 0.22 1.03 99.33 
PH92-105 63.25 0.51 17.1 5 - 4.17 0.08 2.19 5 4 .7 1.36 0.19 1.29 99.89 
37-78 47.94 1.02 17.86 12.04 10.83 0.21 5.07 11 .2 2.88 1.44 0.33 1.17 99.79 
38-78 54.09 0.64 18.94 8.38 7.54 0.17 3.25 8.51 3.86 1.92 0.24 1.03 99.76 
45-78 67.67 0.9 15.37 4.93 4.44 0.1 1.33 3.42 4.64 1.42 0.23 3.14 98.87 
62-78 48.89 0.920 15.72 11.43 10.28 0.18 8.06 11.35 2.36 0.94 0.14 1.86 100.85 
PJ-98 55.27 0.720 18.44 8.2 7.38 0.19 3.44 8.42 3.91 1.21 0.19 0.34 98.69 
PJ-96 58.50 0.610 18.26 7.47 6.72 0.16 2.61 7.16 3.51 1.5 0.22 0.94 100.65 
PJ-107 49.41 0.840 17.01 11.37 10.23 0.18 5.61 11.11 2.97 1.23 0.26 0.62 100.33 
PJ-105 54.66 0.640 19.31 8.21 7.39 0.17 3.27 9.5 2.81 1.2 0.23 1.45 101 .20 
PJ-117 50.37 0.800 16.71 9.56 8.60 0.17 7.23 10.95 3.03 1 0.17 1.15 100.59 
PJ-118 59.32 0.570 17.82 6.6 5.94 0.16 2.86 7.59 3.33 1.57 0.18 0.62 100.71 
PJ-67 52.82 0.8 17.87 9.97 8.97 0.19 4.31 9.21 3.48 1.13 0.22 0.47 101 .04 
PJ-73 51.19 0.870 17.9 9.91 8.92 0.17 5 10.87 2.9 1.01 0.18 1.74 99.74 
PJ-70 58.60 0.540 19.3 5.73 5.16 0.16 2.02 6.77 4.13 2.44 0.31 0.49 99.84 
PJ-71 66.07 0.350 16.68 3.93 3.54 0.17 1.12 4.72 4.4 2.42 0.15 0.33 99.67 
PJ-58 51 .80 1.06 18.04 11.27 10.14 0.23 4.07 9.05 3.41 0.89 0.18 0.11 99.64 
PJ-57 55.49 0.65 19.63 7.77 6.99 0.19 2.71 8.34 3.81 1.16 0.25 0.1 100.59 
PJ-65 61.07 0.53 17.28 6.58 5.92 0.18 2.49 6.49 3.96 1.26 0.16 0.81 99.15 
PJ-79 50.38 1.04 20.35 10.03 9.02 0.18 3.69 9.78 3.74 0.61 0.2 0.27 100.75 
PJ-83 48.59 1.08 19.66 11 .29 10.16 0.18 4.26 11 .85 2.56 0.41 0.12 0.71 100.41 
PJ-81 53.18 0.84 21.09 8.21 7.39 0.16 2.47 9.35 3.87 0.63 0.2 0.53 100.30 
PJ-48 54.10 0.71 18.4 8.41 7.57 0.18 4.99 9.17 3.09 0.79 0.16 0.34 100.63 
PJ-30 59.85 0.57 17.67 7.23 6.51 0.18 2.88 6.9 3.6 0.97 0.15 0.51 100.68 
PJ-42 52.19 0.69 19.54 9.35 8.41 0.19 4.64 9.91 2.82 0.54 0.13 0.14 99.47 
PJ-50 56.65 0.58 18.66 8.13 7.32 0.19 3.26 8.29 3.35 0.72 0.17 0.03 101.13 
MIN44 60.55 0 .58 17.86 - 5.87 0 .19 2.47 6 .62 3 .52 1.9 0 .35 0.16 99.91 
MIN46 47.33 0.98 19.29 - 9.97 0 .22 6.11 10.9 2.69 1.83 0.54 0 .3 5 99.84 
MIN47 48.98 0 .94 19.38 - 9.72 0 .21 4.81 10.3 2 .94 2 .07 0.52 0 99.84 
W04 47.2 1.01 18.77 - 10.43 0.22 6.1 11.3 2 .3 2 0 .96 0.32 - 98.65 
WOWl 47.8 0 .99 19.51 - 9 .94 0 .22 5.1 11 2.48 1.01 0.36 - 98.40 
WOl 48.58 0 .95 20.13 - 9.54 0.22 4 .5 10.5 2 .78 1.15 0 .39 - 98.77 
M18 53.06 0.86 18.75 - 8.38 0.21 3 .95 8 .5 3 .31 1.43 0.32 - 98.77 
M15 57.19 0.8 18.32 - 7 .20 0.19 3.03 6 .84 3.49 1.78 0 .23 - 99.07 
M14 57.43 0.79 18.21 - 7 .09 0.19 3 6.72 3.65 1.88 0.23 - 99.19 
M19 51.95 0 .87 18.85 - 8.76 0.18 5.02 9.71 2 .8 0 .55 0.21 - 98.90 
M23 53 0.89 18.25 - 8 .86 0.19 4.53 9 .27 2.85 0 .64 0.25 - 98.73 
M21 53.13 0.96 17.68 - 9.39 0.2 4.55 9 .23 2.85 0.76 0.18 - 98.93 
M20.2 53.75 0 .99 17.28 - 9.52 0 .2 4.13 8.85 2.98 0.82 0.19 - 98.71 
M22.2 53.93 1.01 17.49 - 9.27 0.2 3.87 8.51 2 .98 0.81 0.25 - 98.32 
Appendix 84 84-21 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Rb Ba Nb La Ce Sr Nd Zr Eu Dy y Er Yb Sc Ni 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
MARS. 34 446 7 13 18 759 44 77 19 19 
MAR4. 75 280 7 15 26 465 48 180 26 18 
PH92-126 39.4 290 2.9 11 24 642 18 80 1.45 4 25.5 2.4 2.25 34 22 
PH92-125 45 265 3.2 12.3 27 570 18 97 1.3 4.3 26 2.5 2.3 23.5 8 
MN089-37 34 392 2.3 11 640 17 66 3.4 3.4 22 2.5 1.9 22 13 
APO? 47 435 6 18 30 549 45 125 29 9 
AP03 57 498 6 12 23 448 47 99 22 27 
AP02 60 527 6 12 19 496 43 120 15 14 
AP06 109 785 7 11 18 490 47 114 16 12 
AP04 70 570 7 12 15 497 45 118 16 11 
AP08 76 570 8 12 22 441 45 119 17 11 
AP05 75 567 6 13 21 455 43 118 16 10 
AP01 76 600 7 10 14 430 47 122 15 11 
PH92-123 71 545 4.55 12.8 24 435 13.5 70 0.85 2.6 15.9 1.7 1.58 13.2 14 
PH92-124 29 375 5.65 14 24 502 19.5 120 1.4 4.5 27 2.7 2.42 22.5 16 
APO 33 387 2.45 9.4 21 693 15.5 64 1.05 3.5 20 2.2 1.88 26 10 
MAT?? 25.5 308 3.9 8.4 18 745 11 110 0.8 2.2 12.7 1.5 1.15 13 28 
PH92-50 19.3 358 0.35 4.4 11 273 6 33 0.6 2 13.1 1.2 1.38 20 8 
PH92-50 19.3 358 0.35 4.4 11 273 6 33 0.6 2 13.1 1.2 1.38 20 8 
PH92-109 2.6 8.8 530 107 16.3 1.53 
PH92-105 33.5 274 1.6 6.5 17 687 8.5 66 0.65 1.4 8.1 0.7 0.7 8.1 11 
37-78 10 761 66 23 8 
38-78 38 573 83 25 7 
45-78 19 265 158 31 1 
62-78 16 333 40 20 53 
PJ-98 20 228 373 74 26 1 
PJ-96 30 214 431 107 51 1 
PJ-107 24 565 55 22 16 
PJ-105 27 509 72 22 6 
PJ-117 15 135 471 61 20 73 
PJ-118 40 450 88 18 7 
PJ-67 20 191 464 72 24 10 
PJ-73 11 141 502 60 21 17 
PJ-70 43 278 529 102 25 5 
PJ-71 67 548 116 23 1 
-
PJ-58 15 405 64 28 1 
PJ-57 21 489 73 25 1 
PJ-65 25 346 88 22 1 
PJ-79 11 382 81 25 10 
PJ-83 8 95 312 63 25 5 
PJ-81 360 96 28 1 
PJ-48 13 413 64 22 20 
PJ-30 12 407 76 23 1 
PJ-42 9 116 405 48 17 9 
PJ-50 12 435 65 21 1 
MIN44 40.4 386 5.09 19.43 40.91 779.6 19.76 105.1 1.28 3.27 21.27 2.07 2.1 4 9.7 8 
MIN46 37.6 330 2.89 22.84 53.6 835.4 28.14 49.6 1.88 4.36 26.23 2.5 2.31 21.5 28 
MIN47 51 331 3.5 25 60 836.5 33 56.9 27 21.6 23 
W04 19.6 163 2.4 11.3 27 603 17.2 62 1.59 3.85 2.37 1.99 
WOWl 21.5 170 2.3 11.3 27.6 624 17.8 61 1.49 3.64 2.04 1.77 
WOl 23.3 186 2.4 13.7 33.4 650 20.9 66 1.64 3.96 2 1.75 
M18 28.3 220 2.7 560 73.1 
M15 36.9 268 3 491 73 
M14 38.2 275 2.7 482 74 
M19 7.7 100 2 4 .74 12.3 392 9.57 66 1.07 4.19 2.72 2.4 
M23 9.4 111 1.6 375 75 
M21 11.7 121 1.2 5.92 15.5 304 11.7 74 1.14 4.15 2.51 2.22 
M20.2 12.8 136 1.6 6.29 17.1 310 13.6 84 1.55 5.6 3.31 2.95 
M22.2 12.1 127 1.8 320 79 
Appendix 84 84-22 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Cr Co v Cu Zn Pb Cs Th u Ta Pr Sm Hf Gd Tb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
MAR6. 13 151 82 10 0.1 
MAR4. 36 177 60 14 5 
PH92-126 59 34 320 
PH92-125 18 28 265 
MN089-37 16 260 
AP07 11 151 62 12 4 
AP03 36 159 70 9 3 
AP02 22 133 52 12 6 
AP06 19 99 47 13 3 
AP04 15 121 49 12 7 
AP08 19 98 49 10 4 
AP05 18 114 46 11 6 
AP01 16 91 45 15 6 
PH92-123 19 14 136 
PH92-124 39 22 220 
APO 4 30 319 
MAT77 35 14 116 1.82 0.79 0.291 3.05 
PH92-50 13 12 187 
PH92-50 13 12 187 
PH92-109 1.41 0.59 0.157 2.87 
PH92-105 8 11 104 
37-78 
38-78 
45-78 
62-78 
PJ-98 1 
PJ-96 0.7 
PJ-107 
PJ-105 
PJ-117 0.18 
PJ-118 
PJ-67 0.43 
PJ-73 0.73 
PJ-70 1.1 
PJ-71 
PJ-58 
PJ-57 
PJ-65 
PJ-79 
PJ-83 0.8 
PJ-81 
PJ-48 
PJ-30 
PJ-42 0.6 
PJ-50 
MIN44 14 -1 86 32 47 6.74 1.37 4.82 0.86 4.99 4.12 2.77 3.64 0.55 
MIN46 42 -1 27 90 72 5.88 0.43 5.81 0.83 6.67 6.52 1.73 5.66 0 .78 
MIN47 46 -1 291 107 69 5.8 6.3 2.1 
W04 3.3 2.4 3.77 4 .52 4.24 
WOWl 3.3 2.4 3.83 4.47 4.4 
W01 3.4 3.1 4 .38 5.04 4.65 
M18 4 2.2 
M15 4.9 2.4 
M14 5.1 3 
M19 5.2 0.9 1.83 3.1 3.56 
M23 5.5 1.1 
M21 5.4 0.8 2.3 3.49 3.85 
M20.2 5.7 0.8 2.67 4.36 5.22 
M22.2 5.2 1 
Appendix 84 84-23 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Ho Tm Lu Ga Ge As Mo Ag Cd In Sn w Tl Bi Sb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
MARS. 15 
MAR4. 19 
PH92-126 
PH92-125 
MN089-37 
AP07 19 
AP03 17 
AP02 17 
AP06 10 
AP04 15 
AP08 13 
AP05 17 
AP01 17 
PH92-123 
PH92-124 
APO 
MAT77 
PH92-50 
PH92-50 
PH92-109 
PH92-105 
37-78 
38-78 
45-78 
62-78 
PJ-98 
PJ-96 
PJ-107 
PJ-105 
PJ-117 
PJ-1 18 
PJ-67 
PJ-73 
PJ-70 
PJ-71 
PJ-58 
PJ-57 
PJ-65 
PJ-79 
PJ-83 
PJ-81 
PJ-48 
PJ-30 
PJ-42 
PJ-50 
MIN44 0.7 0.33 0.35 
MIN46 0 .89 0.37 0.36 
MIN47 
W04 
WOWl 
WOl 
M18 
MlS 
M14 
M19 
M23 
M21 
M20.2 
M22.2 

Appendix 84 84-25 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Source Age Region Volcanic Latitude Longitude 
(Ma) Centre Degrees Degrees Pl 01 Cp Op Hb Bt 
Pl = plagioclase, 01 = olivine, Cp = clinopyroxene, Op = orthopyroxene, Hb = hornblende, Bt = biotite. 
M22.1 Tatsumi et al. 1991 0 - 1 North Sulawesi Tongkoko 1.52 125 Pl Cp Op 
M20.1 Tatsumi et al. 1991 0 - 1 North Sulawesi Tongkoko 1.52 125 Pl Cp 
LP129A Polve et al. 1 997 i> .29-2.6 North Sulawesi Man ado 1 .5 125 
MIN2 Elburg and Faden 1 998 0-2 North Sulawesi Lok on 1 .46 125 Pl Cp Op Hb 
MING Elburg and Faden 1998 0-2 North Sulawesi Loken 1.46 125 Pl Cp Op 
MIN11 Elburg and Faden 1998 0-2 North Sulawesi Lok on 1 .46 125 Pl 01 Cp 
MIN12 Elburg and Faden 1998 0-2 North Sulawesi Loken 1.46 125 Pl Cp Op Hb 
MIN13 Elburg and Faden 1998 0-2 North Sulawesi Lok on 1.46 125 Pl 01 Cp 
MIN25 Elburg and Faden 1998 0-2 North Sulawesi Loken 1.46 125 Pl Cp Op Hb 
PJ-125 Morrice et al. 1983 0.01-2 North Sulawesi ManadoTua 1.63 126 Pl 01 Cp 
PJ-122 Morrice et al. 1983 0.01-2 North Sulawesi ManadoTua 1.63 126 Pl Cp Op Hb 
MIN16 Elburg and Faden 1998 2.38-2.8 North Sulawesi Lake Tondano 1.31 125 Pl Cp Op 
MIN17 Elburg and Faden 1998 2-3 North Sulawesi Lake Tondano 1.31 125 Pl Cp Op 
MIN22 Elburg and Faden 1998 2 - 3 North Sulawesi Lake Tondano 1.31 125 Pl Cp Op 
PJ-11 Morrice et al. 1983 0-2 North Sulawesi Tongkoko 1.52 125 Pl 01 Cp Op 
PJ-23 Morrice et al. 1983 0-2 North Sulawesi Tongkoko 1.52 125 Pl 01 Cp Op 
PJ-22 Morrice et al. 1983 0-2 North Sulawesi Tongkoko 1.52 125 Pl Cp Op 
PJ-8 Morrice et al. 1983 0-2 North Sulawesi Duasudara 1.52 125 Pl 01 Cp 
PJ-9 Morrice et al. 1983 0-2 North Sulawesi Duasudara 1.52 125 Pl 01 Cp Op 
PJ-163 Morrice et al. 1983 0-2 North Sulawesi Kia bat 1.47 125 Pl Cp Op 
PJ-137 Morrice et al. 1983 0-2 North Sulawesi Lokon-Empung 1.37 125 Pl 01 Cp Op 
PJ-136 Morrice et al. 1983 0-2 North Sulawesi Lokon-Empung 1.37 125 Pl 01 Cp Op 
PJ-134 Morrice et al. 1983 0-2 North Sulawesi Lokon-Empung 1.37 125 Pl Cp Op 
PJ-151 Morrice et al. 1983 0-2 North Sulawesi Mahawu 1.35 125 Pl Cp Op 
PJ-149 Morrice et al. 1983 0-2 North Sulawesi Mahawu 1.35 125 Pl Cp Op 
PJ-176 Morrice et al. 1983 0-2 North Sulawesi Soputan 1.12 125 Pl 01 Cp 
MIN34 Elburg and Faden 1 998 .45-1 2. North Sulawesi Ratatotok 0.9 125 Pl Cp Op Hb 
Appendix 84 84-26 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Si02 Ti02 Al203 Fe203 FeO MnO MgO Cao Na20 K20 P205 LOI Total 
wt. % wt.% wt.% wt.% wt.% wt. % wt.% wt.% wt. % wt. % wt.% wt.% wt.% 
M22.1 54.63 1.02 17.04 - 9.29 0.21 3.84 8.64 3.13 0.88 0.23 - 98.91 
M20.1 56.12 1.12 16.23 - 9.43 0.21 3.35 7.58 3.25 1.09 0.25 - 98.63 
LP129A 51 .45 0.97 19.95 - 9.15 0.23 3 .78 9.12 3.05 0.93 0.28 0.32 99.23 
MIN2 67.67 0.62 15.06 - 4.26 0.12 1.29 3.45 4.57 2.68 0.21 0 99.93 
MINS 60.85 0.82 16.25 - 6.71 0.14 3 .01 6.29 3.64 1.97 0.16 0 99.84 
MINl 1 49.43 0.76 18.48 - 9.37 0.18 6.69 12.1 2.37 0.33 0.19 0 99.87 
MIN12 67.83 0.62 15.08 - 4.16 0 .12 1.27 3.37 4.57 2.71 0.19 0 99.92 
MIN13 50.92 0 .88 18.23 - 9 .66 0.19 5.76 10.5 2.93 0 .54 0.19 0 99.83 
MIN25 71.52 0.41 14.74 - 3 .06 0.08 0 .91 2.93 4.11 2.12 0 .07 1.5 99.95 
PJ-125 47.25 0.96 18.47 11 .6 10.44 0.22 5.91 11.42 2.36 0.99 0.32 0.18 101 .25 
PJ-122 57.85 0.61 18.29 7.21 6.49 0.21 2.85 7.48 3.57 1.57 0.36 0.9 98.51 
MIN16 57.77 0 .76 17.39 - 7.49 0.15 3.96 7.73 2.81 1.64 0.16 0.65 99.86 
MIN17 51.24 0.88 19.37 - 10.09 0.2 5.26 9.49 2.61 0.53 0.15 0.46 99.82 
MIN22 52.95 0.85 18.93 - 9.46 0 .2 4.68 9.53 2.7 0.41 0.2 0.08 99.91 
PJ-11 52.29 0.96 17.42 10.91 9.82 0.19 4.89 9.67 2.84 0.67 0.16 0.21 100.99 
PJ-23 54.41 0.96 18.71 9.5 8.55 0.18 2.89 9.67 3.18 0.9 0.2 0.07 100.59 
PJ-22 65.10 0.73 16.08 5.44 4.89 0.16 1.28 4.51 4.81 1.62 0.27 0.74 99.51 
PJ-8 49.62 0.87 19.85 10.66 9.59 0.19 4.78 10.47 3.08 0.34 0.14 0.14 100.16 
PJ-9 53.45 0.95 18.91 9.73 8.76 0.18 3.63 8.96 3.38 0.57 0.24 0.84 100.36 
PJ-163 57.14 0.78 17.42 8.46 7.61 0.17 3.54 7.62 3.69 1.01 0.17 0.55 101.05 
PJ-137 51.45 0.98 18.77 10.29 9.26 0.18 4.06 10.08 3.3 0.68 0.21 0.48 100.76 
PJ-136 59.20 0.83 16.44 7.78 7.00 0.15 3.13 6.73 3.7 1.83 0.21 0.09 100.31 
PJ-134 67.41 0.62 15.09 4.67 4.20 0.12 1.23 3.77 4.21 2.7 0.18 0.53 101.30 
PJ-151 59.56 0.83 16.47 7.57 6.81 0.15 2.85 6.71 3.75 1.89 0.22 0.18 100.78 
PJ-149 63.69 0.75 15.35 6.36 5.72 0.13 2.19 5.11 3.72 2.52 0.18 0.31 100.08 
PJ-176 49.23 0.83 18.87 11.49 10.34 0.19 6.47 9.97 2.57 0.27 0.11 0.54 98.14 
MIN34 59.21 0.69 17.91 - 6.14 0.16 3.77 6 .72 4.02 1.16 0.12 3.15 99.90 
Appendix 84 84-27 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Rb Ba Nb La Ce Sr Nd Zr Eu Dy y Er Yb Sc Ni 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
M22.1 13.2 133 1.9 297 86 
M20.1 16.4 151 2.4 318 103 
LP129A 15 179 7.2 18.3 436 13 65 1.1 3.9 28 2.5 29 20 
MIN2 67.5 337 18 48 246.3 24 214.2 43.4 13.6 6 
MIN6 52.7 265 5.7 13 37 307.8 18 161 .6 34.7 19.9 7 
MIN11 7.9 66 1.12 4.27 10.83 406.2 7.62 35 0.8 2.61 16.49 1.64 1.55 33 37 
MIN12 69. 1 227 0.7 17 43 241 .1 23 217.8 43.7 13.1 6 
MIN13 11.4 111 1.82 5.83 14.3 4 11.9 9.52 44.9 0.94 3.09 19.57 1.93 1.85 32.2 21 
MIN25 50.3 290 4.52 10.83 21 .93 160 12.68 163.1 0.75 3.68 27.3 2 .54 2.81 9.2 5 
PJ-125 15 181 687 78 23 23 
PJ-122 35 298 795 118 24 1 
MIN16 37.1 228 2.97 9.245 18.93 334.7 14.45 105.7 1. 11 4.4 29.04 2 .74 2.67 22.2 9 
MIN17 10 107 2.5 5 11 339.7 12 33 31.8 31 .5 13 
MIN22 6.4 72 0.96 4 .03 8.04 240.2 8.88 34.5 1.14 4.85 47.76 3.28 2.72 29.4 6 
PJ-11 13 331 76 28 10 
PJ-23 15 153 347 98 34 1 
PJ-22 27 276 143 49 1 
PJ-8 1 370 40 24 7 
PJ-9 6 380 72 31 1 
PJ-163 15 164 364 94 27 7 
PJ-137 14 127 393 72 24 9 
PJ-136 46 231 316 140 32 9 
PJ-134 65 327 237 248 44 1 
PJ-151 49 239 319 160 33 9 
PJ-149 67 264 182 36 1 
PJ-176 5 57 299 38 17 15 
MIN34 20.3 143 1.3 4 .64 11.53 364.8 7.82 69.3 0 .78 2.85 19.05 1.83 1.86 17.6 9 
Appendix 84 84-28 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Cr Co v Cu Zn Pb Cs Th u Ta Pr Sm Hf Gd Tb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
M22.1 5.6 1.1 
M20.1 5.8 1.4 
LP129A 8 30 254 1.04 0.21 0 .18 3.3 1.7 0.57 
MIN2 31 54 32 60 11.1 7.9 1.6 
MIN6 18 165 43 64 8.7 5.8 1.8 
MIN11 40 299 141 70 1.62 0.3 0 .74 0.17 1.58 2.16 0.94 2.45 0.41 
MIN12 23 so 23 59 10.8 7.6 3 
MIN13 29 310 132 81 2.85 0.45 1.12 0.24 2.03 2.63 1.19 2.91 0.49 
MIN25 28 49 18 42 9.97 3.49 3.62 0.99 3.1 3.09 3.53 3.23 0.58 
PJ-125 0.45 
PJ-122 1.3 
MIN16 24 190 73 58 5.6 1.93 2.5 0.65 3.18 3.91 2.85 4.27 0.71 
MIN17 14 301 106 77 4.4 1.2 0.2 
MIN22 4 264 74 71 1.55 0.5 0.46 0.13 1.62 2.88 1.21 4.55 0.74 
PJ-11 
PJ-23 
PJ-22 
PJ-8 
PJ-9 
PJ-163 0.74 
PJ-137 0.64 
PJ-136 1.9 
PJ-134 
PJ-151 2.4 
PJ-149 
PJ-176 0.36 
MIN34 16 167 21 54 4.1 1.38 0 .68 0.25 1.69 2.18 1.65 2.57 0.45 
Appendix 84 84-29 
Published major-, minor- and trace-element data from the Sangihe arc (north Sulawesi to Camiguin Island) 
Sample Ho Tm Lu Ga Ge As Mo Ag Cd In Sn w Tl Bi Sb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
M22.1 
M20.1 
LP129A 
MIN2 
MIN6 
MIN11 0.57 0.24 0.24 
MIN12 
MIN13 0.67 0.29 0.29 
MIN25 0.83 0.41 0.46 
PJ-125 
PJ-122 
MIN16 0.96 0.42 0.42 
MIN17 
MIN22 1.1 s 0.46 0.44 
PJ-11 
PJ-23 
PJ-22 
PJ-8 
PJ-9 
PJ-163 
PJ-137 
PJ-136 
PJ-134 
PJ-151 
PJ-149 
PJ-176 
MIN34 0.63 0.28 0.29 

Appendix 85 85-1 
Trace-element chemistry of detrital zircon grains by Laser Ablation ICP-MS 
Sample Age Error p Ti Cr Mn Ga Ge Sr y Nb Mo Sn Ba La 
Ma 2 s.d. 31 48 52 55 69 72 88 89 93 95 120 138 139 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
301-9 0.001 0.01 157.60 2.00 0.20 0.06 0.10 0.20 0.19 581 0.79 0.35 0.07 0.09 0.00 
301-105 0.090 0.01 153.08 2.11 0.43 0.02 0.07 0.27 0.25 775 2.10 0.30 0.09 0.08 0.00 
301-11 0.193 0.02 145.18 1.95 0.35 0.00 0.07 0.23 0.21 716 1.60 0.33 0.08 0.04 0.00 
301-34 0.288 0.02 138.62 2.22 0.00 0. 19 0.06 0.28 0.33 806 1.79 0.33 0.07 0.27 0.02 
301-4 0.287 0.02 151 .46 2.08 0.08 0.04 0.07 0.21 0.24 795 1.85 0.35 0.07 0.12 0.01 
301-2 0.310 0.01 163.33 2.16 0.00 0.02 0.09 0.24 0.26 886 2.09 0.32 0.10 0.12 0.00 
301-38 1.427 0.03 163.84 2.03 0.39 0. 11 0.06 0.20 0 .29 866 2.07 0.33 0.10 0.18 0.02 
301-5 1.675 0.04 123.73 2.07 0.32 0.00 0.06 0 .27 0.22 873 1.74 0.33 0.10 0.06 0.00 
301-107 1.857 0.05 100.11 2.46 0.00 0.00 0.06 0.32 0.21 682 1.63 0.35 0.09 0.05 0.00 
301-88 2.619 0.04 143.55 2.17 0.44 0.09 0.07 0.22 0.20 700 1 .25 0.31 0.08 0.08 0.01 
301-41 2.657 0.06 190.17 3.95 0.20 0.00 0.07 0.34 0.15 763 0.76 0.33 0.09 0.04 0.01 
301-27 2.685 0.06 167.55 3.04 0.28 0.07 0.06 0.20 0.18 1006 0.64 0.27 0.09 0.05 0.01 
301-65 2.687 0.08 152.85 4.03 0.39 0.00 0.07 0.30 0.15 708 0.54 0.31 0.06 0.05 0.01 
301-36 2.815 0.03 185.26 3.27 0.29 0.01 0.07 0.27 0.13 511 0.74 0.34 0.07 0.03 0.00 
301-60 2.904 0.06 170.74 3.71 0.35 0.05 0.06 0.30 0.17 969 0.54 0.32 0.07 0.04 0.01 
301-108 2.981 0.09 181.29 3.44 0.64 0.09 0.05 0.31 0.16 723 0.66 0.36 0.08 0.04 0.06 
301-21 3.063 0.05 164.70 3.79 0.44 0.00 0.06 0.17 0.13 531 0.59 0 .30 0.07 0.03 0.01 
301-96 3.139 0.05 210.60 4.26 0.00 0.00 0.07 0.33 0.21 977 0.91 0.36 0.09 0.04 0.03 
301-85 3.227 0.08 143.64 3.70 0.20 0.00 0.07 0.30 o. 11 356 0.68 0.33 0.08 0.03 0.00 
301-59 3.271 0.04 155.23 3.18 0.12 0.00 0.07 0.21 0.16 820 0.61 0.31 0.08 0.04 0.01 
307-33 3.338 0.05 130.91 3.24 0.15 0.01 0.08 0.24 0.14 440 0.58 0.34 0.10 0.04 0.00 
307-33a 3.338 0.05 142.11 3.29 0.69 0.04 0.08 0.17 0. 13 380 0.74 0.34 0.13 0.04 0.00 
307-47 3.556 0.07 196.35 4 .00 0.40 0.03 0.08 0.38 0.19 1132 0.90 0.34 0.10 0.06 0.02 
301-91 3.621 0.06 185.42 3.87 0.02 0.02 0.06 0.31 0.19 1067 0.83 0.31 0.10 0.04 0.02 
301-22 3.668 0.08 141.95 3.10 0.00 0.00 0.08 0.27 0. 13 406 0.74 0.39 0.09 0. 11 0.00 
301-19 4.241 0.06 174.31 2.38 0.31 0.10 0.07 0.27 0.25 668 0.74 0.35 0.06 0.17 0.04 
301-104 4.467 0.08 199.65 2.30 0.41 0.10 0.10 0.24 0.16 580 0.81 0.31 0.08 0.16 0.00 
301-84 4.759 0.09 135.53 2.51 0 .00 0.00 0.08 0.17 0. 13 357 0.68 0.37 0.05 0.03 0.01 
301-43 4.938 0.06 144.09 2.50 0.22 0.00 0.07 0.25 0. 13 329 0.72 0.34 0.09 0.02 0.00 
301-39 4.981 0.09 130.50 2.77 1.23 0.04 0.07 0.25 0. 16 336 0.50 0.34 0.10 0.12 0.00 
301-101 5.029 0.22 129. 15 3.10 0.00 0.00 0.07 0.19 0. 11 276 0.51 0.33 0.07 0.03 0.00 
301-48 5.192 0. 10 142.28 3.04 0.31 0.02 0.07 0.30 0. 13 421 0.66 0.37 0.21 0.04 0.00 
301-73 5.229 0.06 119.56 2.86 3.15 0.57 0.14 0.26 0.17 253 0.44 0.33 0.14 0.39 0.02 
307-77 5.624 0.11 132.26 3.35 1.02 0.21 0.07 0.27 0.14 331 0.62 0.44 0.11 0.07 0.01 
301-63 5.835 0.08 146.30 3.15 0.00 0.01 0.08 0.27 0.14 373 0.63 0.33 0.05 0.04 0.00 
307-35 6.009 0.07 177.90 3.04 0.44 0.00 0.06 0.31 0.15 746 0.59 0.33 0.07 0.04 0.01 
307-53 6.048 0.09 170.91 3.22 0.48 0.01 0.06 0.36 0.14 641 0.72 0.34 0.09 0.05 0.01 
301-86 6.055 0.09 121 .17 2.79 0.00 0.00 0.07 0 .30 0.11 327 0.39 0.31 0.05 0.03 0.00 
307-62 6.139 0. 12 152.40 2.75 0.22 0.00 0.08 0.28 0.14 495 1.15 0.34 0.07 0.05 0.00 
307-60 6.190 0.07 176.80 3.17 0.30 0.03 0.07 0.29 0.16 864 0.63 0.33 0.07 0.05 0.01 
307-66 6.251 0.10 186.74 3.44 0.17 0.00 0.07 0.31 0.12 456 0.81 0.36 0.06 0.05 0.00 
307-52 6.368 0.09 167.34 3.17 0.41 0.02 0.06 0.31 0.11 456 0 .84 0.31 0.08 0.05 0.00 
307-51 6.408 0.07 161.20 3.20 0.39 0.03 0.07 0.28 0.13 520 0.70 0.31 0.07 0.04 0.00 
307-76 6.477 0.10 269.38 3.53 0.68 0.00 0.07 0.39 0.20 1128 1 .48 0.34 0.12 0.06 0.02 
307-50 6.542 0.06 214.70 3.67 0.02 0.02 0.08 0 .34 0.24 1549 1.24 0.32 0.08 0.07 0.05 
307-25 6.576 0.07 147.02 2.83 0.53 0.00 0.10 0.28 0.16 762 0.59 0.31 0.06 0.05 0.01 
307-4 6.594 0.04 195.63 3.25 0.61 0.03 0.08 0.30 0.20 1236 0.92 0.32 0.06 0.06 0.04 
307-74 6.669 0.16 160.95 3.05 0.29 0.01 0.08 0.34 0.17 773 0.62 0.34 0.06 0.09 0.01 
307-31 6.763 0.07 185.90 3.40 0.53 1. 17 0.09 0.33 0.29 860 0.78 0.52 0.08 0.55 0.04 
307-61 6.819 0.10 197.57 3.61 0.27 0.01 0.07 0.36 0.21 1045 0.97 0.33 0.07 0.16 0.03 
307-58 6.884 0.07 183.10 3.11 0.69 0.03 0.07 0.28 0.16 605 0.88 0.36 0.11 0.08 0.04 
307-2 6.885 0.06 178.60 3.15 0.00 0.06 0.08 0.36 0.20 1200 0.78 0.40 0.08 0.07 0.02 
307-19 7.067 0.08 294.1 7 4.71 1.19 1.29 1.04 0.48 0.80 674 0.60 0.35 0.12 17.42 0.12 
307-24 7.202 0.11 170.52 2.99 0.38 0.00 0.05 0.29 0.13 483 0.77 0.36 0.06 0.05 0.00 
307-70 7.289 0.08 166.45 2.89 0.27 0.03 0.07 0.31 0.12 442 0.76 0.31 0.07 0.04 0.00 
Row 2, 31-139: Atomic mass of isotope analysed by laser ablation ICP-MS. 

Appendix 85 BS-2 
Trace-element chemistry of detrital zircon grains by Laser Ablation /GP-MS 
Sample Age Error Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb 
Ma 2 s.d. 140 141 146 147 153 157 159 163 165 166 169 172 
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
301-9 0.001 0.01 6.32 0 .02 0.46 1.05 0.68 7.34 2.73 40.08 17.68 101.11 25.21 306.28 
301-105 0.090 0.01 11.69 0.03 0.50 1.34 0.82 9.72 3.61 53.27 23.29 132.20 32.32 390.44 
301-11 0.193 0.02 8.91 0 .02 0.43 1.17 0.75 8.86 3.32 49.13 21.50 122.17 30.13 368.42 
301-34 0.288 0.02 8.04 0.01 0.32 1.16 0.61 8.88 3.64 54.87 25.04 144.54 36.14 426.98 
301-4 0.287 0.02 10.12 0 .03 0.52 1.30 0.81 9.00 3.57 54.13 23.81 135.68 33.58 407.45 
301-2 0.310 0.01 12.03 0.03 0.56 1.40 0.85 10.83 4.09 61.13 27.01 151.79 37.04 439.67 
301-38 1.427 0.03 11.68 0.03 0.56 1.46 0.84 10.30 3.93 58.83 25.63 146.87 36.40 439.73 
301-5 1.675 0.04 14.47 0.05 1.04 2.14 0.99 12.25 4.34 62.65 26.91 151 .34 36.62 429.85 
301-107 1.857 0.05 12.54 0 .03 0.52 1.22 0.64 8.46 3.1 7 47.71 21.49 122.31 30.58 373.18 
301-88 2.619 0.04 7.94 0.03 0.54 1.22 0.77 8.79 3.29 49.20 21.44 121.04 29.51 357.81 
301-41 2.657 0.06 9.59 0 .13 2.35 3.87 1.14 18.51 5.50 67.76 25.10 122.80 26.02 270.64 
301-27 2.685 0.06 9.06 0.10 2.19 4.54 1.48 23.30 7.20 89.98 33.50 162.55 34.61 353.66 
301-65 2.687 0.08 8.99 0.12 2.36 4.06 1.20 18.23 5.42 65.34 23.46 110.88 22 .90 232.85 
301-36 2.815 0.03 8.53 0.05 1.04 2.07 0.70 10.87 3.36 42.90 16.33 83.36 18.91 209.40 
301-60 2.904 0.06 10.37 0.19 3.40 5.69 1.74 24.97 7.35 88.82 32.45 154.20 32.01 327.06 
301-108 2.981 0.09 8.08 0.13 2.15 3.43 1.01 16.73 5.01 63.89 24.24 119.15 25.41 267.91 
301-21 3.063 0.05 6.96 0.07 1.25 2.40 0.75 12.15 3.69 46.69 17.30 85.01 18.32 193.03 
301-96 3.139 0.05 10.93 0.23 3.51 5.00 1.47 21.42 6.38 80.59 31.61 160.50 34.68 363.03 
301-85 3.227 0.08 7.33 0.02 0.43 1.05 0.38 6.38 2.16 29.06 11.41 58.63 13.09 143.04 
301-59 3.271 0.04 10.85 0.10 2.11 4.37 1.28 20.52 6.19 75.16 27.19 130.09 26.96 275.16 
307-33 3.338 0.05 8.15 0.03 0.64 1.51 0.51 8.75 2.86 36.94 14.27 70.96 15.69 166.80 
307-33a 3.338 0.05 8.94 0.02 0.52 1.26 0.41 7.07 2.39 31.45 12.13 62.12 14.06 152.32 
307-47 3.556 0.07 15.48 0.24 3.81 6.31 2.01 30.63 8 .80 105.16 37.84 181.10 37.78 386.1 5 
301-91 3.621 0.06 10.17 0.20 3.21 5.11 1.55 24.74 7.52 94.57 35.23 169.02 35.18 358.44 
301-22 3.668 0.08 7.06 0.02 0.45 1.10 0.47 6.74 2.30 31 .78 12.83 67.21 15.53 174.23 
301-19 4.241 0.06 9.01 0.17 2.58 3.64 1.72 16.15 4.69 56.39 20.98 105.81 24.08 272.84 
301-104 4.467 0.08 9.69 0.05 0.92 1.80 1.01 9.88 3.20 42.40 17.71 97.20 23.17 275.67 
301-84 4.759 0.09 8.46 0.02 0.51 1.04 0.49 6.26 2.01 27.26 11.04 60.09 14.27 170.44 
301-43 4.938 0.06 5.80 0.03 0.52 1.00 0.53 5.00 1.59 22.18 9.84 56.72 13.88 168.34 
301-39 4.981 0.09 9.13 0.03 0.64 1.35 0.62 6.99 2.14 27.46 10.52 54.60 12.59 143.83 
301-101 5.029 0.22 9.65 0.02 0.50 1.05 0.44 5.52 1.69 22.22 8.61 44.57 10.23 115.99 
301-48 5.192 0.10 10.13 0.04 0.79 1.74 0.67 8.79 2.77 35.06 13.41 68.55 15.26 167.93 
301-73 5.229 0.06 9.06 0 .05 0 .68 1.22 0.58 5.28 1.58 19.62 7.60 40.75 9.78 115.26 
307-77 5.624 0.11 12.17 0 .03 0.54 1.15 0.48 6.43 2.05 26.62 10.36 54.26 12.59 142.39 
301-63 5.835 0.08 9.76 0.03 0.74 1.51 0.68 7.72 2.37 29.93 11.57 61.30 14.12 160.28 
307-35 6.009 0.07 12.06 0.12 2.13 3.64 1.28 17.69 5.40 66.34 24.77 119.03 25.57 267.27 
307-53 6.048 0.09 12.95 0.10 2.01 3.59 1.29 16.34 4.77 57.55 21.06 102.06 21.75 229.04 
301-86 6.055 0.09 7.58 0.05 0.97 1.63 0.77 6.98 2.04 25.84 10.05 53.84 12.69 149.80 
307-62 6.139 0.12 13.13 0.04 0.71 1.63 0.55 8.84 2.94 38.11 15.47 80.90 18.72 209.32 
307-60 6.190 0.07 13.73 0.17 3.14 5.15 1.87 22.43 6.55 78.26 28.68 138.53 29.11 300.48 
307-66 6.251 0.10 11.19 0.04 0.85 1.83 0.67 9.54 2.98 37.78 14.57 74.59 16.26 177.92 
307-52 6.368 0.09 11.21 0.04 0.80 1.75 0.63 9.81 3.07 38.92 14.73 73.93 16.14 173.42 
307-51 6.408 0.07 10.28 0.07 1.26 2.31 0.85 11.25 3.43 42.68 16.44 84.8 1 19.18 214.05 
307-76 6.477 0.10 16.30 0.19 3.13 4 .89 1.65 22.32 6.80 87 .74 36.06 194.15 43 .1 7 469.99 
307-50 6.542 0.06 20.04 0.39 5.98 8.45 2.74 38.82 11.32 138.58 51.80 250.18 52.03 527.94 
307-25 6.576 0.07 13.09 0.11 2.18 4.11 1.39 18.89 5.57 67.08 24.67 120.61 25.81 276.77 
307-4 6.594 0.04 17.67 0.34 5.02 7.28 2.47 31.31 8.93 108.93 40.73 198.01 42.29 439.24 
307-74 6.669 0.16 11.92 0.17 2.92 4.60 1.57 19.10 5.60 67.69 25.16 124.67 26.83 282.50 
307-31 6.763 0.07 15.17 0.22 3.68 5.56 1.74 22.85 6.61 78.68 28.55 138.46 28.96 298.79 
307-61 6.819 0.10 17.59 0.23 3.70 5.90 1.69 26.66 7.87 95.32 34.68 164.37 33.85 343.31 
307-58 6.884 0.07 13.88 0.10 1.55 2.77 1.06 12.62 3.78 47.91 18.88 98.81 22.64 252.87 
307-2 6.885 0.06 18.05 0.32 5.37 7.88 2.42 31 .53 8.83 106.25 39.85 194.70 40.35 413.04 
307-19 7.067 0.08 11.69 0.28 3.99 5.33 2.14 21.32 5.36 61.05 21.79 105.80 22 .55 234.68 
307-24 7.202 0.11 10.42 0.05 1.00 2.00 0.82 9.00 2.97 37.98 14.92 79.83 19.06 220.82 
307-70 7.289 0.08 13.09 0.04 0.74 1.72 0.64 9.43 2.92 36.89 14.18 72 .75 15.98 174.22 
Row 2, 140-172: Atomic mass of isotope analysed by laser ablation ICP-MS. 

Appendix 85 BS-3 
Trace-element chemistry of detrital zircon grains by Laser Ablation ICP-MS 
Sample Age Error Lu Hf Hf Hf Ta Pb Pb Th u Ce4+/Ce3+ 
Ma 2 s .d. 175 177 178 179 181 206 208 232 238 
ppm ppm ppm ppm ppm ppm ppm ppm ppm 
301-9 0.001 0.01 73 .60 9675 9670 9614 0 .35 0.01 0.02 29.54 108.95 462.3 
301-105 0.090 0.01 92 .12 10239 10150 10124 0.86 0.01 0.01 72 .95 221 .37 659.7 
301-11 0.193 0.02 87 .71 9968 9925 9921 0.66 0.01 0.01 36.52 148.21 621.3 
301-34 0.288 0.02 96.56 13807 13678 13713 0 .91 0.03 0.02 30.80 145.52 616.4 
301-4 0.287 0.02 96.42 10214 10179 10148 0.69 0.01 0.01 41.64 163.62 625.1 
301-2 0.310 0.01 102.18 9982 9953 9946 0.83 0.00 0.01 54.27 176.77 679.8 
301-38 1.427 0.03 103.24 10482 10471 10432 0.70 0.01 0.00 53.78 184.08 615.8 
301-5 1.675 0.04 96 .11 9721 9719 9623 0 .67 0.30 0.03 93.76 168.42 337.3 
301 -107 1.857 0.05 82.49 11635 11593 11598 0.65 0.30 0.07 61.18 135.51 761 .6 
301-88 2.619 0.04 83 .03 9661 9542 9650 a.so 0.01 0.01 38.49 126.74 481.3 
301-41 2.657 0.06 53.95 8801 8722 8755 0.36 0 .14 0.02 50.72 62.82 37.6 
301-27 2.685 0.06 69.85 9200 9194 9128 0 .35 0. 12 0.03 48 .39 61.04 33.0 
301-65 2.687 0.08 45.21 8999 8876 8877 0.27 0 .13 0.03 47 .90 53.21 26.5 
301-36 2.815 0.03 43.94 9259 9224 9185 0.43 0 .11 0.03 33.97 51 .39 97.1 
301-60 2.904 0.06 62.77 8875 8843 8780 0 .30 0 .14 0.03 58.95 64.41 21 .5 
301-108 2.981 0.09 53.90 9209 9131 9073 0 .38 0.13 0.02 46 .14 62.66 40.3 
301-21 3.063 0.05 38.72 8789 8801 8708 0 .30 0 .10 0.02 32.12 43.36 51.2 
301-96 3.139 0.05 73.52 8785 8740 8818 0.54 0.20 0.04 72 .88 98.66 35.6 
301-85 3.227 0.08 28.81 9628 9445 9502 0 .31 0 .11 0.03 25.68 44.60 207.5 
301-59 3.271 0.04 53.86 9510 9474 9402 0 .33 0 .15 0.02 52.38 58.36 33.1 
307-33 3.338 0.05 33.12 9492 9500 9417 0.31 0 .11 0.02 32.90 44.23 128.7 
307-33a 3.338 0.05 30.20 9607 9571 9485 0 .36 0.11 0.03 32.45 49.25 187.0 
307-47 3.556 0.07 74.26 8861 8860 8789 0.41 0.16 0.03 94.42 72.78 31.2 
301-91 3.621 0.06 69.64 8914 8740 8803 0.43 0.22 0.04 77.31 86.55 29.1 
301-22 3.668 0.08 36.41 9954 9913 9847 0.38 0.09 0.01 26.06 48.50 232.8 
301-19 4.241 0.06 61.01 8260 8274 8187 0.28 0.32 0.05 55.81 89.87 47.0 
301-104 4.467 0.08 65.49 7661 7563 7546 0.30 0.38 0.04 54.87 117.95 222.3 
301-84 4.759 0.09 38.97 9695 9583 9642 0.25 0.15 0.02 28.74 54.56 344.0 
301-43 4.938 0.06 41.57 9191 9096 9039 0.38 0.43 0.03 42.63 119.92 280.9 
301-39 4.981 0.09 31.53 9106 9073 9094 0.23 0.13 0.04 18.60 33.16 177.0 
301-101 5.029 0.22 24.88 8641 8564 8687 0.23 0.17 0.02 22.70 36.49 244.4 
301-48 5.192 0.10 35.14 8895 8836 8829 0.31 0.1 6 0.05 22.69 33.49 130.3 
301-73 5.229 0.06 25.92 8978 8869 8832 0.20 0.22 0.07 29 .59 49.13 183.2 
307-77 5.624 0.11 29.94 9809 9741 9834 0.27 0 .19 0.09 26.84 42.19 304.7 
301-63 5.835 0.08 34.98 8500 8371 8361 0 .30 0 .16 0.03 24.39 38.78 168.0 
307-35 6.009 0.07 53.29 8740 8697 8636 0 .29 0 .20 0.02 43 .82 50.16 53.1 
307-53 6.048 0.09 45.93 9024 9001 9075 0 .32 0 .25 0.11 36.34 43.79 51.0 
301-86 6.055 0.09 33.85 8429 8332 8375 0 .21 0.18 0.02 26.42 42.36 112.2 
307-62 6.139 0.12 44.07 9451 9394 9356 0.49 0.25 0.04 34.53 58.44 241 .5 
307-60 6.190 0.07 60.00 8724 8670 8699 0.31 0.22 0.04 54.89 57.36 34.1 
307-66 6.251 0.10 37.27 8822 8777 8792 0.34 0.18 0.03 26.98 41.53 138.5 
307-52 6.368 0.09 35.65 8685 8675 8643 0.36 0.15 0.02 26.76 37.26 142.7 
307-51 6.408 0 .07 45.53 8456 8392 8365 0.35 0.20 0.02 31.76 47.02 98.5 
307-76 6.477 0.10 101.21 8224 8165 8230 0.62 0.45 0.05 68.96 106.05 78.1 
307-50 6.542 0.06 103.67 8223 8231 8163 0.53 0.47 0.09 136.92 114.94 31.6 
307-25 6.576 0.07 56.05 9049 8979 9016 0 .25 0 .25 0.03 51.98 58.73 48.0 
307-4 6.594 0.04 88.25 8206 8161 8133 0.43 0.39 0.07 98.23 96.77 32.4 
307-74 6.669 0.16 57.25 9022 9023 9042 0.30 0 .22 0.03 46.36 56.37 35.8 
307-31 6.763 0 .07 59.07 8951 8887 8855 0 .38 0.70 0.73 58.41 62 .08 31.9 
307-61 6.819 0.10 66.68 8879 8844 8853 0.41 0.33 0.06 74.92 71 .06 36.7 
307-58 6.884 0.07 54.09 8605 8613 8571 0.38 0.26 0.03 34.10 52.31 110.9 
307-2 6.885 0 .06 82.14 9363 9388 9318 0 .38 0.37 0.05 73.1 8 83 .86 26.3 
307-19 7.067 0 .08 47.83 7954 7926 7900 0.23 0.31 0.12 38.92 48.54 21.8 
307-24 7.202 0.11 49 .52 8538 8480 8468 0.36 0.18 0.02 21.90 39.57 147.8 
307-70 7.289 0.08 36.49 9199 9176 9211 0.34 0 .20 0.02 24.71 40.67 178.2 
Row 2, 175-238: Atomic mass of isotope analysed by laser ablation ICP-MS. 

APPENDIX C 
(Chapter 6) 
Magmatic Physico-chemical Properties 
Magnetite and Ilmenite Electron-Microprobe Data (EMP) 
Plagioclase Compositions (EMP) 
Hornblende Compositions (EMP) 
Igneous Groundmass Compositions (EMP) 
and Whole-Rock Data (XRF) 
for TWATER1 calculations 
Chemical Compositions of Zircons Extracted From 
Whole-Rock Samples for Ce4+/Ce3+ Calculations (ELA-ICP-MS) 
Apatite Compositions (EMP) 

Appendix C1 C1-1 
Magnetite and Ilmenite chemical compositions: Tampakan. 
Oxides EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA046389 EA046389 EA046389 EA046389 EA046389 
Mt-I Ilm-1 Mt-2 Ilm-2 Mt- 3 Ilm- 3 Mt-4 Ilm - 4 Mt - 5 Ilm-5 Mt- 6 Ilm- 6 Mt - I !Im- I Mt - 2 Ilm-2 Mt-3 
Si02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti02 8.34 29.45 7.21 28.53 7.94 29.04 7.79 29.36 8.06 27.59 8.22 29.37 6.20 27.84 5.31 28.81 5.41 
Al203 1.28 0.45 1.82 0.61 1.52 0.60 1.68 0.47 1.77 0.49 1.46 0.52 1.38 0.51 1.97 0.41 2.07 
V203 0.45 0.33 0.49 0.38 0.60 0.39 0.47 0.34 0.40 0.41 0.53 0.33 0.55 0.39 0.50 0.42 0.48 
Cr203 0.15 0 0.22 0 0.13 0 0.14 0 0.16 0 0.15 0 0.21 0 0.17 0 0.21 
Fe203 51 .84 47.01 53.37 49.21 52.64 48.12 53.30 48.25 52.11 51 .12 52.38 46.96 55.46 49.78 56.47 47.98 56.71 
FeO 39.14 24.46 37.38 22.90 38.43 23.23 38.53 23.34 38.57 22.64 39.13 24.11 36.87 21.80 35.83 23.38 35.25 
MnO 0.34 0.55 0.39 0.52 0.43 0.62 0.35 0.57 0.48 0.53 0.23 0.44 0.47 0.71 0.59 0.81 0.43 
MgO 0.44 1.07 0.85 1.52 0.79 1.54 0.76 1.64 0.60 1.16 0.62 1.30 0.50 1.22 0.55 1.14 0.90 
cao 0 0 0.06 0 0.05 0 0 0 0 0.07 0.07 0 0 0.56 0 0.06 0.32 
Total 1il1.fill 103..31 .1.!l1..Zll. 1!13.fil .10.Z.53 .1!l3M 103.02 1ilJ.fil .1.!l2.1.5. .1!M..!lll .1.0.Z.fill .103.ll.2 .1il1M. .10.2...8.1 10.Llll. .1.!l3..0.1 .1!l1.IB. 
Mt-I Ilm-1 Mt- 2 Ilm -2 Mt -3 Ilm- 3 Mt -4 Ilm -4 Mt-5 Ilm- 5 Mt- 6 Ilm -6 Mt- I Ilm - I Mt-2 Ilm- 2 Mt - 3 
Si 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.2335 0.5500 0.2011 0.5292 0.2203 0.5390 0.2150 0.5427 0.2245 0.5123 0.2277 0.5490 0.1737 0.5199 0.1487 0.5378 0.1501 
Al 0.0565 0.0133 0.0798 0.0178 0.0667 0.0174 0.0730 0.0136 0.0777 0.0144 0.0641 0.0151 0.0609 0.0150 0.0868 0.0121 0.0906 
v 0.01 36 0.0065 0.0145 0.0076 0.0176 0.0077 0.0139 0.0067 0.0118 0.0081 0.0156 0.0067 0.0163 0.0078 0.0150 0.0084 0.0141 
Cr 0.0045 0 0.0063 0 0.0038 0 0.0042 0 0.0047 0 0.0045 0 0.0062 0 0.0049 0 0.0061 
Fe3+ 1.4448 0.8737 1.4827 0.9085 1.4535 0.8891 1.4650 0.8876 1.4450 0.9447 1.4447 0.8735 1.5529 0.9295 1.5809 0.8956 1.5749 
Fe2+ 1.2120 0.5051 1.1536 0.4697 1.1 789 0.4769 1.1766 0.4771 1.1 884 0.4649 1.1992 0.4984 1.1472 0.4523 1.1146 0.4849 1.0877 
Mn 0.0108 0.0116 0.0124 0.0109 0.0133 0.0129 0.0109 0.0119 0.0149 0.0111 0.0073 0.0092 0.0148 0.01 49 0.0187 0.0171 0.0133 
Mg 0.0244 0.0398 0.0471 0.0562 0.0436 0.0569 0.0414 0.0604 0.0330 0.0425 0.0343 0.0481 0.0279 0.0456 0.0304 0.0425 0.0503 
Ca 0 0 0.0023 0 0.0022 0 0 0 0 0.0020 0.0025 0 0 0.0150 0 0.0017 0.0128 
Total .l.illlil .z.JlllQ .l.illlil .z.JlllQ .l.illlil .z.JlllQ .l.illlil .z.JlllQ .l.illlil .z.JlllQ .l.illlil .z.JlllQ .l.illlil .z.JlllQ .l.illlil .z.JlllQ .l.illlil 
Mt-I !Im - I Mt-2 Ilm- 2 Mt- 3 llm-3 Mt-4 Ilm -4 Mt- 5 Ilm- 5 Mt-6 Ilm -6 Mt -I Ilm - I Mt- 2 Ilm- 2 Mt-3 
Mole Fract. Usp. 0.2363 0.2051 0.2231 0.2191 0.2277 0.2331 0.1735 0.148 0.1531 
Mole Fract. Mt. 0.7637 0.7949 0.7769 0.7809 0.7723 0.7669 0.8265 0.852 0.8469 
Mole Fract. llm. 0.5324 0.5051 0.514 0.5144 0.4927 0.5292 0.503 0.5176 
Mole Fract. Hem. 0.47 0.49 0.49 0.49 0.51 0.47 0.50 0.48 
Mt = magnetite, Ilm =ilmenite, Usp = ulvospinel, Hem = hematite. 
Appendix C1 C1-2 
Magnetite and Ilmenite chemical compositions: Tampakan. 
Oxides EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA045799 EA045799 EA045799 
Ilm-3 Mt-4 Ilm-4 Mt-5 Ilm-5 Mt-6 Ilm-6 Mt-7 Ilm-7 Mt-8 Ilm-8 Mt - 9 Ilm-9 Mt-10 Ilm-10 Mt - I Ilm-1 Mt-2 
Si02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti02 28.05 5.24 29.13 5.34 25.92 5.15 28.25 6.36 28.00 5.16 27.26 5.28 27.98 5.10 29.08 7.84 30.96 8.20 
Al203 0.37 2.20 0.46 2.48 0.50 2.07 0.67 1.71 0.65 2.39 0.71 1.98 0.44 2.05 0.51 1.38 0.21 1.29 
V203 0.52 0.49 0.48 0.45 0.38 0.51 0.46 0.41 0.33 0.49 0.37 0.53 0.52 0.40 0.44 0.52 0.42 0.46 
Cr203 0 0.26 0 0.11 0 0 0.09 0 0 0.24 0 0.16 0.13 0.16 0 0 0 0 
Fe203 46.21 56.85 45.72 56.56 53.31 56.67 49.20 55.58 49.71 57.39 51.00 56.76 48.49 57.37 48.15 52.34 43.78 50.08 
FeO 23.38 36.22 24.60 35.80 21.02 35.92 22.74 36.33 21.63 35.63 21.39 36.20 23.49 35.63 23.36 36.15 24.81 35.70 
MnO 0.29 0.23 0.37 0.58 0.78 0.33 0.63 0.54 0.81 0.48 0.64 0.50 0.46 0.36 0.69 0.51 0.27 0.57 
MgO 0.87 0.57 0.94 0.69 1.04 0.54 1.31 0.79 1.65 0.90 1.59 0.48 0.96 0.66 1.33 1.73 1.86 1.58 
cao 0.39 0.13 0 0.08 0 0 0.10 0.12 0.08 0.09 0 0 0 0.07 0.10 0 0.10 0.08 
Total .1.ill1.llll 1il2..1.B. 1il1.Zil 1ll.2.00 ~ 10.1.Jl!. .1QMa .1.!l.1.M. 102.llil .10.2...U. .1.0.Z..96. .1il.1..fili .1Jl2AI .10.1..8Q 1ill.fill. 1ilMI 10.2..il .aL..00. 
Um-3 Mt-4 Ilm-4 Mt -5 Um-5 Mt-6 Ilm-6 Mt-7 Um-7 Mt - 8 Um-8 Mt - 9 Ilm-9 Mt-10 Um - 10 Mt-1 Um-I Mt-2 
Si 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.5393 0.1452 0.5510 0.1478 0.4856 0.1444 0.5240 0.1770 0.5213 0.1418 0.5075 0.1472 0.5260 0.1419 0.5383 0.2218 0.5818 0.2380 
Al 0.0113 0.0961 0.0137 0.1080 0.0146 0.0916 0.0196 0.0751 0.0188 0.1034 0.0207 0.0869 0.0130 0.0899 0.0147 0.0610 0.0063 0.0587 
v 0.0106 0.0146 0.0097 0.0132 0.0076 0.0152 0.0090 0.0123 0.0066 0.0144 0.0074 0.0158 0.0104 0.0117 0.0087 0.0156 0.0084 0.0141 
Cr 0 0.0076 0 0.0031 0 0 0.0017 0 0 0.0069 0 0.0048 0.0027 0.0047 0 0 0 0 
Fe3+ 0.8889 1.5766 0.8648 1.5667 0.9990 1.5892 0.9127 1.5463 0.9254 1.5773 0.9495 1.5823 0.9115 1.5980 0.8914 1.4643 0.8134 1.4372 
Fe2+ 0.4996 1.1160 0.5171 1.1019 0.4376 1.1193 0.4688 1.1230 0.4474 1.0881 0.4426 1.1212 0.4906 1.1028 0.4806 1.1236 0.5121 1.1383 
Mn 0.0063 0.0072 0.0079 0.0182 0.0164 0.0103 0.0132 0.0169 0.0170 0.0147 0.0134 0.0156 0.0097 0.0114 0.0144 0.0163 0.0057 0.0186 
Mg 0.0334 0.0314 0.0356 0.0377 0.0392 0.0300 0.0485 0.0444 0.0614 0.0497 0.0590 0.0262 0.0361 0.0365 0.0493 0.0974 0.0696 0.0918 
Ca 0.0107 0.0053 0 0.0033 0 0 0.0025 0.0050 0.0020 0.0036 0 0 0 0.0029 0.0025 0 0.0027 0.0034 
Total .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ .2.illlll. 3.JlQQ 
Ilm-3 Mt-4 Ilm-4 Mt-5 Um-5 Mt-6 Um-6 Mt-7 Um-7 Mt-8 Ilm-8 Mt-9 Um-9 Mt-10 Um-10 Mt-I Ilm-1 Mt-2 
Mole Fract. Usp. 0.1508 0.1491 0.1473 0.1776 0.144 0.1478 0.1445 0.2211 0.2368 
Mole Fract. Mt. 0.8492 0.8509 0.8527 0.8224 0.856 0.8522 0.8555 0.7789 0.7632 
Mole Fract. llm. 0.532 0.5405 0.4651 0.5067 0.4932 0.4821 0.5134 0.518 0.5497 
Mole Fract. Hem. 0.47 0.46 0.53 0.49 0.51 0.52 0.49 0.48 0.45 
Mt= magnetite, Um= ilmenite, Usp = ulvospinel, Hem= hematite. 
Appendix C1 C1-3 
Magnetite and Ilmenite chemical compositions: Tampakan. 
Oxides EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 
Ilm-2 Mt-3 Ilm-3 Mt - 4 Ilm-4 Mt - 5 Ilm-5 Mt-6 Ilm-6 Mt-7 Ilm-7 Mt-I Ilm-1 Mt-2 Ilm-2 Mt-3 Ilm-3 Mt-4 
Si02 0 0.19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti02 31 .13 7.30 30.75 8.55 30.93 7.32 31 .69 7.19 30.79 8.07 30.81 6.54 27.12 7.26 27.66 6.91 27.57 7.26 
Al203 0.19 1.44 0.38 1.47 0.28 1.38 0.25 1.21 0.21 1.36 0.21 2.31 0.47 3.68 0.35 2.09 0.92 2.56 
V203 0.35 0.59 0.42 0.53 0.52 0.46 0.31 0.59 0.38 0.47 0.42 0.60 0.44 0.52 0.45 0.57 0.48 0.56 
Cr203 0 0 0 0 0 0 0.12 0 0 0 0 0 0 0 0 0 0 0 
Fe203 42.97 52.12 43.02 52.88 43.10 55.00 42.76 54.38 43.39 51.81 43.14 52.41 49.60 50.67 48.54 52.59 49.11 52.32 
FeO 25.27 35.55 24.72 37.27 25.08 35.66 25.85 37.04 25.55 36.31 25.16 35.22 20.27 34.02 21 .32 35.77 20.66 36.82 
MnO 0.29 0.45 0.22 0.60 0.18 0.54 0.41 0.47 0.28 0.52 0.19 0.90 1.01 0.53 0.74 0.70 2.63 1.01 
MgO 1.67 1.78 1.90 1.96 1.82 1.88 1.42 1.12 1.35 1.68 1.67 1.13 1.91 2.75 1.77 1.18 1.01 0.87 
Cao 0.06 0.11 0 0 0.07 0.25 0.22 0 0.08 0 0.06 0 0.09 0 0.06 0.07 0.09 0.08 
Total .10.1.a3 aa..53 .10.1A1 103.25. .1!l.1.9ll .1.!l2All .llWl3 .1.Q2.fil .102..W .10.Q.2.1 ~ aa.u .1il!l..9.1 llM3 .1.llil.llll. illl.fill .1!l.2.AI .1.!l.1A8 
Ilm-2 Mt-3 Ilm-3 Mt-4 Ilm-4 Mt-5 Ilm-5 Mt-6 Ilm-6 Mt-7 Ilm - 7 Mt-I Ilm-1 Mt-2 Ilm-2 Mt- 3 Ilm- 3 Mt-4 
Si 0 0.0072 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.5884 0.2082 0.5828 0.2349 0.5834 0.2028 0.5932 0.2016 0.5831 0.2289 0.5841 0.1858 0.5138 0.2014 0.5248 0.1947 0.5165 0.2015 
Al 0.0057 0.0644 0.0113 0.0634 0.0083 0.0599 0.0074 0.0532 0.0064 0.0607 0.0062 0.1027 0.0141 0.1601 0.0105 0.0923 0.0271 0.1114 
v 0.0071 0.0180 0.0086 0.0156 0.0105 0.0136 0.0062 0.0176 0.0076 0.0142 0.0086 0.0183 0.0089 0.0154 0.0090 0.0173 0.0096 0.0166 
Cr 0 0 0 0 0 0 0.0023 0 0 0 0 0 0 0 0 0 0 0 
Fe3+ 0.8032 1.4687 0.8061 1.4357 0.8038 1.5073 0.7915 1.5085 0.8123 1.4531 0.8085 1.4892 0.9406 1.4064 0.9217 1.4836 0.9207 1.4525 
Fe2+ 0.5247 1.1132 0.5147 1.1243 0.5198 1.0857 0.5317 1.1417 0.5314 1.1315 0.5238 1.1118 0.4271 1.0491 0.4498 1.1213 0.4304 1.1358 
Mn 0.0061 0.0143 0.0047 0.0186 0.0038 0.0168 0.0087 0.0149 0.0060 0.0167 0.0040 0.0288 0.0215 0.0165 0.0158 0.0222 0.0556 0.0315 
Mg 0.0631 0.1014 0.0719 0.1075 0.0685 0.1039 0.0531 0.0626 0.0512 0.0948 0.0633 0.0634 0.0717 0.1511 0.0667 0.0660 0.0376 0.0477 
Ca 0.0016 0.0046 0 0 0.0018 0.0100 0.0059 0 0.0022 0 0.0015 0 0.0024 0 0.0016 0.0028 0.0025 0.0031 
Total .Z.000. .3...QQll .Z.000. .3...QQll .Z.000. .3...QQll .Z.000. .3...QQll .Z.000. .3...QQll .Z.000. .3...QQll .Z.000. .3...QQll .Z.000. .3...QQll .Z.000. .3...QQll 
Ilm -2 Mt-3 Ilm-3 Mt-4 Ilm-4 Mt-5 Ilm-5 Mt-6 Ilm-6 Mt-7 Ilm-7 Mt-I Ilm - 1 Mt -2 Ilm-2 Mt- 3 Ilm-3 Mt-4 
Mole Fract. Usp. 0.209 0.2339 0.2017 0.2001 0.2281 0.1870 0.2154 0.1985 0.2036 
Mole Fract. Mt. 0.791 0.7661 0.7983 0.7999 0.7719 0.8130 0.7846 0.8015 0.7964 
Mole Fract. llm. 0.559 0.5523 0.5546 0.5765 0.5594 0.5559 0.4745 0.4908 0.4851 
Mole Fract. Hem. 0.44 0.45 0.45 0.42 0.44 0.44 0.5255 0.5092 0.5149 
Mt= magnetite, Ilm =ilmenite, Usp = ulvospinel, Hem= hematite. 
Appendix C1 C1-4 
Magnetite and Ilmenite chemical compositions: Tampakan. 
Oxides EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 EA043207 
Ilm-4 Mt - 5 Ilm-5 Mt- 6 Ilm -6 Mt-7 Ilm-7 Mt -8 Ilm - 8 Mt -9 Ilm-9 Mt-10 Ilm- 10 Mt-11 Ilm-11 Mt-12 Ilm- 12 Mt - 13 
Si02 0 0 0 0 0 0 0 0 0.09 0 0 0 0 0 0 0 1.61 0 
Ti02 28.46 6.54 26.51 6.42 29.47 7.48 26.04 6.47 22.84 7.69 24.89 7.32 27.86 6.55 26.42 7.35 27.43 6.97 
Al203 0.42 3.46 0.58 4.00 1.10 1.15 0.66 2.35 0.63 2.13 0.61 2.11 0.39 3.08 0.98 2.95 0.80 2.80 
V203 0.44 0.53 0.46 0.56 0.37 0.73 0.42 0.60 0.68 0.56 0.61 0.53 0.61 0.58 0.40 0.65 0.48 0.64 
Cr203 0 0 0 0.10 0 0.12 0 0 0 0.12 0 0 0 0 0 0 0 0 
Fe203 49.14 51 .83 49.45 51 .20 44.40 51 .07 50.89 52.77 56.53 50.54 53.33 50.82 47.35 52.30 48.95 48.90 41.95 51.24 
FeO 21 .50 34.04 20.17 33.48 21 .21 36.90 19.33 35.33 17.48 36.55 18.43 37.35 21 .93 34.15 19.06 36.85 22.72 35.33 
MnO 0.69 0.46 1.88 0.39 2.08 1.76 1.21 0.90 1.23 0.90 2.41 1.18 0.74 0.47 2.59 1.67 2.72 1.02 
MgO 2.14 2.20 1.23 2.54 1.94 0.00 1.56 1.02 1.41 0.97 1.10 0.00 1.66 2.18 1.38 0.00 0.82 1.32 
cao 0 0.09 0 0.09 0.07 0 0.37 0.10 0.06 0 0.10 0 0 0.06 0 0 0.09 0.06 
Total 102..Zll. ~ .lQQ..28 llll.Za .lllll.M fill.22. ~ aM5 .1illl..llli .eaAli 1filA8 .aa.31 .1.!lil..53. aa.az .9a.Z8 fill...31. filL.61 aa..38. 
Ilm-4 Mt-5 Ilm-5 Mt - 6 llm-6 Mt- 7 Ilm-7 Mt- 8 . Um- 8 Mt- 9 Ilm-9 Mt-10 Um- 10 Mt-11 Um- 11 Mt- 12 Um-12 Mt-13 
Si 0 0 0 0 0 0 0 0 0.0023 0 0 0 0 0 0 0 0.0415 0 
Ti 0.5286 0.1829 0.5079 0.1792 0.5565 0.2150 0.4962 0.1831 0.4353 0.2177 0.4722 0.2093 0.5305 0.1832 0.5070 0.2110 0.5305 0.1964 
Al 0.0121 0.1519 0.0174 0.1752 0.0326 0.0519 0.0197 0.1040 0.0188 0.0944 0.0182 0.0948 0.0118 0.1349 0.0295 0.1327 0.0242 0.1236 
v 0.0087 0.0158 0.0094 0.0165 0.0075 0.0222 0.0085 0.0181 0.0139 0.0169 0.0124 0.0162 0.0124 0.0174 0.0081 0.0199 0.0100 0.0191 
Cr 0 0 0 0.0029 0 0.0037 0 0 0 0.0037 0 0 0 0 0 0 0 0 
Fe3+ 0.9134 1.4507 0.9482 1.4303 0.8394 1.4699 0.9707 1.4937 1.0782 1.4327 1.0127 1.4542 0.9024 1.4640 0.9402 1.4056 0.8119 1.4454 
Fe2+ 0.4440 1.0586 0.4298 1.0392 0.4455 1.1801 0.4096 1.1113 0.3704 1.1514 0.3889 1.1877 0.4643 1.0623 0.4067 1.1769 0.4885 1.1074 
Mn 0.0145 0.0145 0.0406 0.0123 0.0443 0.0570 0.0259 0.0287 0.0263 0.0288 0.0514 0.0379 0.0158 0.0149 0.0559 0.0539 0.0593 0.0323 
Mg 0.0787 0.1222 0.0469 0.1407 0.0725 0 0.0591 0.0572 0.0531 0.0545 0.0414 0 0.0627 0.1207 0.0524 0 0.0315 0.0736 
Ca 0 0.0035 0 0.0035 0.0018 0 0.0101 0.0040 0.0016 0 0.0028 0 0 0.0025 0 0 0.0026 0.0022 
Total 2...QQQ .3..QQil 2...QQQ .3..QQil 2...QQQ .3..QQil 2...QQQ .3..QQil 2...QQQ .3..QQil 2...QQQ .3..QQil 2...QQQ .3..QQil 2...QQQ .3..QQil 2...QQQ .3..QQil 
Ilm-4 Mt-5 Ilm-5 Mt-6 Um-6 Mt-7 Ilm-7 Mt -8 Ilm- 8 Mt - 9 Ilm-9 Mt-10 Ilm-10 Mt-11 Um- 11 Mt - 12 Um -12 Mt - 13 
Mole Fract. Usp. 0.1950 0.1949 0.2025 0.1842 0.2212 0.2074 0.1937 0.2076 0.1997 
Mole Fract. Mt. 0.8050 0.8051 0.7975 0.8158 0.7788 0.7926 0.8063 0.7924 0.8003 
Mole Fract. llm. 0.4892 0.4729 0.5191 0.4651 0.4005 0.4319 0.5003 0.4657 0.5122 
Mole Fract. Hem. 0.5108 0.5271 0.4809 0.5349 0.5995 0.5681 0.4997 0.5343 0.4878 
Mt = magnetite, Ilm = ilmenite, Usp = ulvospinel, Hem = hematite. 
Appendix C1 C1-5 
Magnetite and Ilmenite chemical compositions: Tampakan. 
Oxides EA043207 EA043214 EA043214 EA043214 EA043214 EA043214 EA043214 EA043214 EA043214 EA043206 EA043206 EA049678 EA049678 EA049678 EA049678 EA049678 EA049678 EA049678 
Ilm-13 Mt-I Ilm-1 Mt-2 Ilm-2 Mt-3 Ilm- 3 Mt-4 Ilm-4 Mt-I Ilm-1 Mt-I Ilm-1 Mt-2 llm-2 Mt-3 Ilm-3 Mt-4 
Si02 0 0 0 0 0 0 0 0 0 0.25 0 0 0 0.13 0 0 0 0 
Ti02 26.06 6.84 26.69 6.41 26.37 6.35 26.64 6.91 27.47 5.98 31 .72 5.34 27.66 5.84 27.01 4.57 28.95 5.9 
Al203 0.40 1.05 0.18 1.86 0.33 1.82 0.29 2.15 0.4 1.33 0.39 1.45 0.32 1.43 0.24 1.35 0.2 1.45 
V203 0.5 1 0.42 0.3 0.47 0.39 0.38 0.28 0.48 0.48 0.5 0.47 0.42 0.53 0.49 0.49 0.41 0.36 0.51 
Cr203 0.00 0 0 0 0 0.12 0 0 0 0 0 0 0 0.08 0 0.12 0 0 
Fe203 50.93 54.50 48.74 54.61 49.51 55.47 49.35 53.09 47.49 53.37 37.02 55.73 46.12 54.20 47.33 57.89 44.22 55.34 
FeO 20.41 34.47 21.91 33.92 21 .22 33.94 21.45 34.09 22.10 36.25 23.14 35.08 22.42 35.11 20.07 34.58 22.23 36.01 
MnO 0.43 0.68 0.26 0.58 0.28 0.56 0.24 0.68 0.28 0 5.26 0.96 2.14 0.93 4.4 0.96 3.67 0.92 
MgO 1.72 1.81 1.19 2.06 1.4 2.17 1.42 2.23 1.52 0 0.23 0.21 0.44 0.17 0 0.23 0.17 0 
Cao 0.00 0 0 0.1 0.06 0.06 0 0 0.06 0.78 0.08 0.05 0 0.64 0.18 0.08 0.09 0.44 
Total .1QMfi .aa.zz ll9..2I .lllll.0.1 .9.a.fi6 .1QQ.J!Z llll..fil .99..6.a lWlil aufi llll..31 ~ .99..6.a filLll.2 filU2. .1illl..1.9. .99..lm .1!lll.fil 
Ilm-13 Mt-I Ilm - I Mt-2 llm-2 Mt-3 Ilm-3 Mt-4 Ilm-4 Mt-I Um- I Mt- I Ilm-1 Mt-2 Ilm-2 Mt-3 Ilm-3 Mt-4 
Si 0 0 0 0 0 0 0 0 0 0.0094 0 0 0 0.0048 0 0 0 0 
Ti 0.4973 0.1933 0.5178 0.1795 0.5088 0.1762 0.5136 0.1937 0.5276 0.1728 0.6214 0.1534 0.5365 0.1677 0.5254 0.1303 0.5609 0.1673 
Al 0.0120 0.0467 0.0055 0.0817 0.0100 0.0792 0.0087 0.0946 0.0120 0.0605 0.0118 0.0653 0.0098 0.0643 0.0072 0.0602 0.0059 0.0644 
v 0.0104 0.0127 0.0063 0.0140 0.0081 0.0113 0.0058 0.0144 0.0099 0.0153 0.0098 0.0127 0.0110 0.0150 0.0102 0.0124 0.0074 0.0153 
Cr 0 0 0 0 0 0.0036 0 0 0 0 0 0 0 0.0023 0 0.0036 0 0 
Fe3+ 0.9728 1.5414 0.9465 1.5311 0.9561 1.5421 0.9524 1.4893 0.9130 1.5444 0.7259 1.6025 0.8952 1.5584 0.9217 1.6507 0.8575 1.5705 
Fe2+ 0.4331 1.0832 0.4727 1.0569 0.4554 1.0483 0.4601 1.0625 0.4720 1.1654 0.5040 1.1208 0.4837 1.1215 0.4342 1.0955 0.4790 1.1354 
Mn 0.0093 0.0218 0.0057 0.0183 0.0061 0.0174 0.0052 0.0216 0.0061 0 0.1160 0.0310 0.0467 0.0301 0.0965 0.0309 0.0802 0.0293 
Mg 0.0653 0.1011 0.0456 0.1145 0.0538 0.1193 0.0542 0.1239 0.0578 0 0.0090 0.0120 0.0171 0.0097 0 0.0130 0.0067 0 
Ca 0 0 0 0.0039 0.0016 0.0026 0 0 0.0017 0.0321 0.0021 0.0022 0 0.0262 0.0049 0.0034 0.0024 0.0180 
Total 2...QQll aJlllll 2...QQll aJlllll 2...QQll aJlllll 2...QQll aJlllll 2...QQll aJlllll 2...QQll aJlllll 2...QQll aJlllll 2...QQll aJlllll 2...QQll aJlllll 
Ilm-13 Mt-I Ilm-1 Mt-2 llm- 2 Mt-3 llm -3 Mt-4 llm -4 Mt-I Ilm- I Mt-I Ilm - 1 Mt-2 Ilm-2 Mt-3 Ilm-3 Mt - 4 
Mole Fract. Usp. 0.1915 0.1821 0.1786 0.1973 0.183 0.1468 0.1639 0.1221 0.1627 
Mole Fract. Mt. 0.8085 0.8179 0.8214 0.8027 0.817 0.8532 0.8361 0.8779 0.8373 
Mole Fract. llm. 0.4661 0.4962 0.4856 0.4891 0.5049 0.5781 0.5136 0.4829 0.5255 
Mole Fract. Hem. 0.5339 0.5038 0.5144 0.5109 0.4951 0.4219 0.4864 0.5171 0.4745 
Mt= magnetite, Jim= ilmenite, Usp = ulvospinel, Hem= hematite. 
Appendix C1 C1-6 
Magnetite and Ilmenite chemical compositions: Tampakan. 
Oxides EA049678 EA049678 EA049678 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA04320~ 
Ilm- 4 Mt-5 Ilm-5 Mt-1 Ilm-1 Mt-2 llm-2 Mt- 3 Ilm-3 Mt-4 Ilm-4 Mt-5 Ilm- 5 Mt-6 Ilm-6 Mt-7 Ilm-7 Mt- 8 Ilm -8 
Si02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti02 29.96 5.29 31 .61 4.28 27.04 4.25 26.63 4.27 26.41 4.12 26.43 4.23 26.21 4.2 26.23 4.2 26.91 4.22 27.03 
Al203 0 1.36 0.14 3.35 0.56 3.32 0.53 3.17 0.5 3.27 0.59 3.13 0.61 3.23 0.5 3.23 0.6 3.33 0.62 
V203 0.31 0.48 0.26 0.23 0.17 0.27 0.24 0.28 0.19 0.29 0.34 0.17 0.16 0.34 0.16 0.26 0.25 0.2 0.13 
Cr203 0 0.11 0 0 0 0 0 0 0 0 0.09 0 0 0 0 0.1 0.08 0.12 0.17 
Fe203 42.55 55.82 39.12 57.59 48.15 56.37 48.34 57.31 47.97 56.93 48.02 57.72 48.34 56.89 48.64 56.96 47.96 56.96 49.11 
FeO 22.32 35.23 23.89 33.76 23.45 33.82 22.20 33.50 22.06 33.63 22.73 33.86 22.48 33.76 22.12 33.73 22.77 33.98 22.89 
MnO 4.78 0.9 4.26 0.88 0.28 0.75 0.48 0.93 0.64 0.69 0.32 0.73 0.3 0.8 0.68 0.7 0.78 0.65 0.38 
MgO 0 0.16 0.2 0.96 0.42 0.73 0.84 0.96 0.63 0.85 0.53 0.85 0.53 0.79 0.49 0.83 0.42 0.72 0.65 
CaO 0.06 0.11 0.09 0.05 0 0 0 0.08 0.09 0.05 0.07 0 0 0.08 0.06 0.07 0.1 0.08 0 
Total 9a..fill. ~ .9MI .llll.1!l .lllil..!lli llll.fil. filUfi 1illl.fill fill.!a fill.llJ 99..12 .1.!llLllll llli..fia .lllil..O.a lllLllI 100.QZ 99..fili .1fill.2I .1illl.lIB. 
Ilm-4 Mt-5 Ilm-5 Mt-1 Ilm-1 Mt-2 Ilm- 2 Mt-3 Ilm- 3 Mt-4 Ilm- 4 Mt-5 Ilm-5 Mt-6 Ilm-6 Mt-7 Ilm-7 Mt- 8 Ilm- 8 
Si 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.5807 0.1518 0.6129 0.1189 0.5224 0.1203 0.5172 0.1194 0.5178 0.1161 0.5149 0.1183 0.5135 0.1181 0.5130 0.1182 0.5206 0.1186 0.5166 
Al 0.0000 0.0613 0.0041 0.1459 0.0171 0.1472 0.0162 0.1391 0.0154 0.1444 0.0181 0.1374 0.0186 0.1423 0.0152 0.1421 0.0183 0.1466 0.0185 
v 0.0064 0.0148 0.0055 0.0069 0.0035 0.0081 0.0050 0.0084 0.0040 0.0089 0.0070 0.0051 0.0033 0.0101 0.0034 0.0078 0.0052 0.0059 0.0027 
Cr 0 0.0033 0 0 0 0 0 0 0 0 0.0018 0 0 0 0 0.0030 0.0017 0.0035 0.0035 
Fe3+ 0.8257 1.6023 0.7591 1.6023 0.9310 1.5960 0.9394 1.6052 0.9411 1.6056 0.9364 1.6159 0.9478 1.6014 0.9519 1.6028 0.9285 1.6008 0.9393 
Fe2+ 0.4812 1.1235 0.5152 1.0435 0.5038 1.0638 0.4793 1.0425 0.4808 1.0537 0.4924 1.0533 0.4898 1.0557 0.4810 1.0545 0.4898 1.0612 0.4866 
Mn 0.1043 0.0292 0.0930 0.0274 0.0060 0.0238 0.0105 0.0292 0.0141 0.0218 0.0070 0.0231 0.0066 0.0252 0.0150 0.0223 0.0171 0.0205 0.0082 
Mg 0.0000 0.0093 0.0076 0.0530 0.0162 0.0409 0.0324 0.0530 0.0244 0.0474 0.0205 0.0470 0.0205 0.0442 0.0188 0.0461 0.0161 0.0399 0.0246 
Ca 0.0016 0.0045 0.0025 0.0022 0 0 0 0.0030 0.0025 0.0022 0.0020 0 0 0.0030 0.0016 0.0030 0.0027 0.0030 0 
Total .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil a..ilQQ .z.Jlllil 
Ilm-4 Mt-5 Ilm - 5 Mt-1 Ilm-1 Mt- 2 Ilm-2 Mt-3 Ilm- 3 Mt-4 Ilm-4 Mt-5 Ilm-5 Mt - 6 Ilm-6 Mt - 7 Ilm - 7 Mt-8 Ilm- 8 
Mole Fract. Usp. 0.1462 0.1161 0.1195 0.1156 0.1158 0.1168 0.1164 0.1178 0.1191 
Mole Fract. Mt. 0.8538 0.8839 0.8805 0.8844 0.8842 0.8832 0.8836 0.8822 0.8809 
Mole Fract. llm. 0.5344 0.5745 0.5212 0.5053 0.508 0.5134 0.5103 0.505 0.5162 0.5115 
Mole Fract. Hem. 0.4656 0.4255 0.4788 0.4947 0.492 0.4866 0.4897 0.495 0.4838 0.4885 
Mt = magnetite, Ilm = ilmenite, Usp = ulvospinel, Hem = hematite. 
Appendix C2 C2-1 
Electron-Microprobe (EDS) Analyses of P/agioc/ase Cores and Rims 
Plagioclase Core Compositions 
Normalised to 100% Totals 
Sample 678 678 678 678 678 678 678 678 678 678 678 678 212 
Si02 58.87 60.27 58.18 57.89 59.46 59.55 59.21 59.16 58.57 58.05 58.80 59.25 57.65 
Ti02 0.00 0.00 0.00 0.06 0.00 0.06 0.00 0.00 0.07 0.00 0.10 0.11 0.00 
AI203 25.57 24.57 26.10 26.49 25.19 25.17 25.38 25.35 26.07 26.18 25.14 25.17 26.41 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.69 0.35 0.31 0.33 0.33 0.29 0.31 0.34 0.31 0.26 0.45 0.38 0.35 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00 
Cao 6.94 6.12 7.76 7.88 6.70 6.76 6.88 7.00 7.52 8.11 7.13 6.80 8.27 
Na20 7.24 7.79 6.98 6.72 7.43 7.27 7.43 7.36 6.69 6.77 7.37 7.46 6.78 
K20 0.70 0.90 0.67 0.64 0.88 0.91 0.79 0.79 0.77 0.64 0.85 0.84 0.54 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 212 212 212 212 212 212 212 212 212 212 212 207 207 
Si02 56.62 57.83 58.89 58.98 59.33 56.47 57.41 57.77 59.73 58.67 59.17 56.28 56.45 
Ti02 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.06 0.00 
Al203 27.20 26.48 25.73 25.50 25.35 27.44 26.65 26.41 25.20 25.83 25.34 27.59 27.45 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.31 0.25 0.27 0.28 0.30 0.30 0.30 0.28 0.25 0.40 0.36 0.18 0.17 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 8.91 7.90 7.12 6.89 6.73 9.08 8.33 7.97 6.60 7.38 6.89 8.92 8.80 
Na20 6.52 6.98 7.36 7.37 7.41 6.24 6.75 6.97 7.56 6.99 7.46 6.53 6.66 
K20 0.44 0.56 0.64 0.88 0.86 0.47 0.55 0.52 0.66 0.74 0.77 0.44 0.46 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 207 207 207 207 207 207 207 207 207 204 204 204 204 
Si02 55.49 55.53 54.97 55.19 55.96 56.47 55.81 56.40 55.88 55.55 55.07 56.07 55.14 
Ti02 0.00 0.06 0.00 0.11 0.00 0.09 0.11 0.08 0.11 0.00 0.00 0.00 0.00 
Al203 28.09 27.90 28.08 27.88 27.58 27.12 27.45 27.31 27.46 28.25 28.41 27.87 28.53 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.38 0.48 0.64 0.49 0.55 0.51 0.73 0.45 0.52 0.18 0.28 0.1 9 0.21 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.23 0.00 0.13 0.14 0.12 0.10 0.00 0.00 0.15 0.00 0.00 0.00 0.00 
Cao 8.24 9.68 9.92 9.59 9.13 8.74 9.49 8.99 9.17 9.96 9.79 9.58 10.04 
Na20 7.21 6.00 5.89 6.16 6.23 6.49 6.05 6.32 6.28 5.87 6.23 6.08 5.84 
K20 0.35 0.36 0.37 0.44 0.42 0.48 0.36 0.44 0.44 0.19 0.22 0.21 0.24 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 204 204 204 204 204 204 214 214 214 214 214 214 214 
Si02 55 .60 55.20 57.77 57.37 55.22 56.39 56.34 56.32 60.23 59.15 57.60 58.04 59.99 
Ti02 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 28.18 28.37 26.78 27.11 28.28 27.71 27.66 27.74 24.94 25.69 26.53 26.31 25.23 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.16 0.27 0.17 0.13 0.21 0.17 0.21 0.17 0.20 0.21 0.24 0.27 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 9.62 9.95 8.01 8.46 10.06 9.28 9.09 9.26 6.33 7.10 8.18 7.91 6.56 
Na20 6.25 6.01 7.03 6.71 5.95 6.20 6.48 6.31 7.96 7.48 7.12 7.14 7.87 
K20 0.20 0.20 0.25 0.23 0.21 0.25 0.22 0.21 0.35 0.37 0.33 0.33 0.34 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 214 214 214 002 002 002 002 002 002 002 002 002 002 
Si02 59.43 57.84 58.39 58.37 56.89 56.85 57.21 57.53 58.10 57.48 57.20 57.21 56.64 
Ti02 0.00 0.06 0.00 0.00 0.06 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 25.42 26.59 26.06 26.21 26.96 27.01 27.02 26.81 26.29 26.80 26.83 26.93 27.28 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.15 0.24 0.26 0.12 0.20 0.22 0.14 0.24 0.18 0.18 0.22 0.17 0.21 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 6.88 8.14 7.75 7.58 8.69 8.53 8.38 8.00 7.52 8.22 8.44 8.49 8.94 
Na20 7.76 6.88 7.21 7.38 6.90 6.93 6.94 7.03 7.56 7.04 6.99 6.91 6.64 
K20 0.36 0.26 0.33 0.34 0.30 0.36 0.31 0.39 0.35 0.27 0.32 0.29 0.28 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 

Appendix C2 C2-2 
Electron-Microprobe (EDS) Analyses of Plagioclase Cores and Rims 
Plagioclase Core Compositions 
Normalised to 100% Totals 
Sample 002 002 389 389 389 389 389 389 389 389 389 389 389 
Si02 57.34 57.31 56.35 57.56 57.83 58.03 57.30 58.03 58.18 56.44 58.37 56.65 56.17 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 26.96 26.92 27.55 26.53 26.51 26.43 26.76 26.29 26.25 27.54 26.13 27.17 27.71 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.18 0.18 0.21 0.27 0.19 0.21 0.24 0.17 0.21 0.19 0. 13 0.21 0.12 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 8.51 8.25 9.07 7.95 7.97 7.73 8.33 7.65 7.60 8.83 7.54 8.93 9.43 
Na20 6.73 6.97 6.56 7.38 7.14 7.26 7.01 7.46 7.40 6.70 7.49 6.79 6.26 
K20 0.28 0.36 0.25 0.31 0.36 0.34 0.36 0.39 0.36 0.31 0.34 0.26 0.31 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 389 206 206 206 206 206 206 206 206 206 206 948 948 
Si02 56.67 55.24 56.01 57.68 57.41 55.24 56.30 56.33 56.26 57.45 57.96 64.85 64.16 
Ti02 O.o7 0.28 0.00 0.00 0.07 0.09 0.08 0.10 0.00 0.00 0.00 0.06 0.00 
Al203 27.11 27.76 27.57 26.18 25.91 28.18 27.37 27.39 27.23 26.40 26.57 21.56 22.30 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.16 0.74 0.38 0.48 0.54 0.42 0.34 0.44 0.70 0.52 0.44 0.00 0.14 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 8.91 9.60 9.65 8.11 8.61 9.99 9.32 8.99 9.21 8.37 9.03 2.09 2.74 
Na20 6.79 5.86 5.88 6.83 6.57 5.61 6.06 6.18 6.07 6.57 5.31 11.38 10.62 
K20 0.30 0.52 0.51 0.73 0.90 0.47 0.53 0.57 0.53 0.69 0.68 0.07 0.05 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 948 948 948 948 948 948 799 799 799 799 799 799 799 
Si02 65.43 65.98 66.95 65.37 65.97 64.38 57.97 58.07 58.34 59.55 59.42 58.59 57.73 
Ti02 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 
Al203 21.26 20.70 20.15 21.38 21.29 22.12 26.17 26.24 25.87 25.08 25.24 25 .69 26.55 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.00 0.16 0.14 0.13 0.1 5 0.00 0.25 0.23 0.27 0.31 0.22 0.34 0.31 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 1.59 0.93 0.30 1.58 0.80 2.61 7.74 7.76 7.40 6.60 6.77 7.17 7.93 
Na20 11.42 11.78 12.16 11.31 11.22 10.78 7.08 6.96 7.39 7.64 7.48 7.33 6.75 
K20 0.31 0.37 0.29 0.23 0.57 0.11 0.79 0.73 0.72 0.82 0.87 0.78 0.73 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 799 799 799 799 009 009 009 009 009 009 009 009 009 
Si02 58.77 59.01 58.07 55.93 55.19 55.36 53.66 54.42 54.68 55.57 54.45 55.15 53.65 
Ti02 0.00 0.00 0.00 0.09 0.00 0.00 0.00 O.o7 0.00 0.00 0.00 0.00 0.00 
Al203 25.61 25.47 26.18 27.52 28.34 28.27 29.56 28.74 28.75 27.89 28.79 28.40 29.35 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.35 0.37 0.34 0.32 0.24 0.31 0.29 0.33 0.31 0.25 0.33 0.34 0.36 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 7.15 6.94 7.78 9. 11 9.97 9.82 11.32 10.57 10.26 9.61 10.56 10.04 11.26 
Na20 7.42 7.43 6.96 6.49 6.08 6.04 5.05 5.73 5.81 6.42 5.71 5.82 5.22 
K20 0.71 0.77 0.67 0.54 0.17 0.19 O.IJ 0.15 0.18 0.26 0.16 0.25 0.17 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 009 972 972 972 972 972 972 972 972 972 956 956 956 
Si02 54.26 54.28 54.61 55.53 56.29 52.25 57.25 54.38 55.64 54.74 57.42 58.33 60.37 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AJ203 28.97 28.65 28.34 27.80 27.25 30.32 26.61 28.70 27.58 28.51 26.54 25 .98 24.58 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.31 0.41 0.39 0.37 0.46 0.42 0.42 0.45 0.58 0.40 0.27 0.24 0.30 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 10.66 10.69 10.52 9.61 9.17 12.50 8.29 10.67 9.62 10.28 8.21 7.64 5.89 
Na20 5.62 5.60 5.67 6.13 6.28 4.34 6.79 5.34 6.14 5.72 7.15 7.34 8.13 
K20 0.17 0.38 0.47 0.56 0.55 0.18 0.64 0.45 0.44 0.35 0.42 0.47 0.73 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 

Appendix C2 C2-3 
Electron-Microprobe (EDS) Analyses of Plagioc/ase Cores and Rims 
Plagioclase Core Compositions 
Normalised to 100% Totals 
Sample 956 956 956 956 956 956 
Si02 58.23 57.78 59.32 58.74 59.66 59.56 
Ti02 0.08 0.00 0.08 0.08 0.00 0.00 
Al203 26.05 26.25 25.10 25.72 24.94 25.08 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.28 0.38 0.30 0.35 0.44 0.29 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 7.49 7.80 6.59 7.09 6.31 6.51 
Na20 7.39 7.35 8.09 7.50 7.91 7.98 
K20 0.49 0.43 0.54 0.53 0.74 0.59 
Total 100 100 100 100 100 100 

Appendix C2 C2-4 
Electron-Microprobe (EDS) Analyses of Plagioc/ase Cores and Rims 
Plagioclase Rim Compositions 
Normalised to 100% Totals 
Sample 207 207 207 207 207 207 207 207 207 207 207 204 204 204 
Si02 57.41 57.96 57.96 58.85 56.43 58.22 56.29 56.40 56.45 57.42 58.07 56.98 56.74 56.41 
Ti02 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 
Al203 26.54 26.30 26.29 25.68 27.19 25.91 27.25 27.15 27.40 26.47 26.15 27.18 27.53 27.58 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.49 0.35 0.34 0.32 0.53 0.50 0.53 0.50 0.52 0.46 0.40 0.19 0.21 0.29 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 8.01 7.82 7.82 7.05 8.89 7.37 8.80 8.73 8.80 8.05 7.57 8.77 8.99 9.18 
Na20 7.00 6.99 7.00 7.33 6.49 7.35 6.60 6.76 6.41 6.97 7.04 6.64 6.33 6.28 
K20 0.55 0.58 0.58 0.77 0.47 0.59 0.53 0.47 0.41 0.61 0.69 0.24 0.19 0.26 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 204 204 204 204 204 204 204 678 678 678 678 678 678 678 
Si02 57.07 57.04 56.94 57.61 56.47 55.94 56.77 58.45 60.70 58.59 60.48 59.54 56.92 58.45 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 27.10 26.88 27.08 26.64 27.52 27.85 27.22 25.81 24.16 25.73 24.19 24.93 26.86 25.79 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.22 0.29 0.30 0.20 0.24 0.21 0.29 0.40 0.30 0.31 0.39 0.41 0.34 0.44 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 8.61 8.61 8.85 8.39 9.10 9.60 8.91 7.43 5.63 7.34 5.71 6.36 8.57 7.42 
Na20 6.78 6.94 6.57 6.84 6.40 6.16 6.57 7.24 8.13 7.31 8.22 7.92 6.75 7.37 
K20 0.22 0.24 0.27 0.31 0.26 0.22 0.24 0.67 1.07 0.72 I.OJ 0.83 0.56 0.53 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 678 678 212 212 212 212 212 212 212 212 212 212 214 214 
Si02 60.67 60.53 57.21 57.44 57.78 57.52 58.39 58.53 58.14 57.37 58.34 57.86 57.12 54.71 
Ti02 0.09 0.00 0.06 0.00 0.07 0.08 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.07 
Al203 24.11 24.39 26.60 26.61 26.30 26.39 25.51 25.82 26.02 26.60 26. 10 26.23 26.55 28.55 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.32 0.41 0.41 0.35 0.49 0.43 0.59 0.48 0.45 0.41 0.30 0.47 0.49 0.48 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.00 
Cao 5.53 5.74 8.16 8.12 7.78 8.09 7.15 7.42 7.55 8.16 7.25 7.57 8.02 10.16 
Na20 8.18 8.01 7.12 7.16 7.25 7.16 7.86 7.36 7.40 7.13 7.54 7.50 7.03 5.86 
K20 1.09 0.92 0.44 0.33 0.34 0.34 0.42 0.39 0.46 0.34 0.46 0.38 0.50 0.17 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 214 214 214 214 214 214 206 206 206 206 206 206 206 206 
SI02 56.23 54.77 56.22 56.10 56.10 55.57 59.33 59.48 56.43 59.03 58.03 57.44 57.72 60.25 
Ti02 0.07 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.10 0.11 0.11 0.00 0.07 
Al203 27.51 28.65 27.77 27.74 27.74 28.32 25.10 24.96 27.29 25.04 25.79 26.24 26.33 24.32 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.39 0.43 0.36 0.38 0.38 0.31 0.30 0.45 0.34 0.61 0.50 0.54 0.42 0.46 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 8.55 10.05 8.73 9.24 9.24 9.58 6.65 6.43 9.15 6.71 7.81 8.20 8.01 5.76 
Na20 6.90 5.87 6.66 6.35 6.35 6.05 7.57 7.80 6.34 7.69 7.02 6.77 6.91 8.42 
K20 0.35 0.23 0.27 0.18 0.18 0.17 0.97 0.89 0.45 0.83 0.74 0.69 0.62 0.73 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 206 206 389 389 389 389 389 389 389 389 009 009 009 009 
Si02 61.64 57.72 58.29 58.25 58.58 57.69 58.47 57.70 57.79 58.49 57.16 58.02 57.33 57.92 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 23.41 26.31 26.35 26.23 25.95 26.72 25.95 26.55 26.41 26.08 27.16 26.37 26.89 26.65 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.49 0.42 0.20 0.35 0.23 0.25 0.27 0.32 0.27 0.22 0.23 0.31 0.34 0.25 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 4.74 8.06 7.78 7.97 7.54 8.15 7.77 8.14 8.3 1 7.77 8.70 7.93 8.51 8.14 
Na20 8.33 6.77 6.97 6.82 7.26 6.80 7.08 6.87 6.78 7.05 6.45 6.97 6.58 6.69 
K20 1.38 0.73 0.40 0.38 0.44 0.39 0.45 0.42 0.44 0.38 0.29 0.40 0.34 0.35 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

AppendixC2 C2-5 
Electron-Microprobe (EDS) Analyses of Plagioc/ase Cores and Rims 
Plagioclase Rim Compositions 
Normalised to 100% Totals 
Sample 009 009 009 009 009 009 009 009 009 009 002 002 002 002 
Si02 56.59 59.14 56.71 57.76 57.71 56.45 58.45 57.51 56.79 58.94 56.97 58.72 58.32 58.63 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 27.36 25.66 27.38 26.59 26.57 27.71 26.11 26.80 27.24 25.88 27.14 25.91 26.04 25.90 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.29 0.35 0.37 0.32 0.34 0.29 0.42 0.33 0.37 0.31 0.28 0.2 1 0.27 0.28 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 9.06 7.07 9.03 8.09 8.29 9.27 7.49 8.44 9.03 7.33 8.63 7.65 7.87 7.75 
Na20 6.41 7.28 6.22 6.85 6.73 5.97 7.11 6.61 6.22 7.15 6.48 7.04 6.94 6.83 
K20 0.29 0.50 0.28 0.38 0.36 0.30 0.41 0.31 0.35 0.38 0.50 0.48 0.57 0.61 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 002 002 002 002 002 799 799 799 799 799 799 799 799 799 
Si02 57.76 58.65 57.97 57.94 56.62 54.44 58.14 59.48 55.31 59.63 56.85 59.09 55.85 59.48 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AI203 26.41 26.05 26.48 26.35 27.34 28.38 25.98 25.11 28.14 25.07 26.93 25.44 27.74 25.12 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.27 0.28 0.26 0.27 0.27 0.71 0.50 0.38 0.54 0.40 0.51 0.40 0.48 0.41 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 8.21 7.45 8.03 8.18 9.14 10.98 7.94 6.94 10.12 6.80 9.00 7.12 9.85 6.93 
Na20 6.75 7.11 6.80 6.72 6.12 4.90 6.63 7.05 5.37 7.16 6.05 7.00 5.57 7.21 
K20 0.59 0.46 0.45 0.54 0.50 0.59 0.81 1.05 0.52 0.95 0.67 0.95 0.50 0.84 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Sample 799 799 799 799 799 
Si02 57.61 58.89 55.37 54.89 55.99 
Ti02 0.10 0.00 0.00 0.00 0.00 
Al203 26.27 25.52 27.76 28.18 27.33 
Cr203 0.00 0.00 0.00 0.00 0.00 
FeO 0.54 0.39 0.56 0.59 0.65 
MnO 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 
Cao 8.15 7.21 10.11 10.19 9.47 
Na20 6.31 7.06 5.61 5.60 5.90 
K20 1.03 0.93 0.59 0.56 0.67 
Total 100 100 100 100 100 

Appendix C2 
Electron-Microprobe (EDS) Analyses of P/agioc/ase Cores and Rims 
Average Plagioclase Core Compositions 
Sample 
Si02 
Ti02 
Al203 
Cr203 
FeO 
Fe203 
MnO 
MgO 
Cao 
Na20 
K20 
Total 
207 
n=ll 
55.86 
0.06 
27.63 
0.00 
0.28 
0.20 
0.00 
0.08 
9.15 
6.35 
0.41 
100 
Cati1105 1ll 8 Q;u:g1:05 
Si 2.518 
Ti 0.002 
Al l.468 
Cr 0.000 
Fe2+ O.Oll 
Fe3+ 0.007 
Mn 0.000 
Mg 0.005 
Ca 0.442 
Na 0.555 
K 0.024 
Total 5.032 
XAlb 0.544 
XAno 0.433 
XOrth 0.023 
678 
n=l2 
58.94 
0.03 
25.53 
0.00 
0.22 
0.16 
0.00 
0.01 
7.13 
7.21 
0.78 
100 
2.641 
0.001 
1.348 
0.000 
0.008 
0.005 
0.000 
0.001 
0.342 
0.626 
0.045 
5.017 
0.618 
0.338 
0.044 
206 
n=lO 
56.59 
0.06 
27.05 
0.00 
0.31 
0.22 
0.00 
0.00 
9.09 
6.09 
0.61 
100 
2.549 
0.002 
1.436 
0.000 
O.Oll 
0.007 
0.000 
0.000 
0.439 
0.532 
0.035 
5.011 
0.529 
0.436 
0.035 
212 
n=l2 
58.21 
0.02 
26.13 
0.00 
0.18 
0.13 
0.00 
0.00 
7.67 
7.03 
0.64 
100 
2.611 
0.001 
1.381 
0.000 
0.007 
0.004 
0.000 
0.000 
0.369 
0.611 
0.037 
5.020 
0.601 
0.363 
0.036 
204 
n=lO 
55.94 
O.ot 
27.95 
0.00 
0.12 
0.09 
0.00 
0.00 
9.47 
6.22 
0.22 
100 
2.517 
0.000 
1.482 
0.000 
0.005 
0.003 
0.000 
0.000 
0.456 
0.543 
0.013 
5.018 
0.536 
0.451 
0.013 
214 
n=lO 
58.33 
0.01 
26.22 
0.00 
0.12 
0.08 
0.00 
0.00 
7.72 
7.22 
0.31 
100 
2.612 
0.000 
l.384 
0.000 
0.004 
0.003 
0.000 
0.000 
0.370 
0.627 
O.ot8 
5.017 
0.618 
0.365 
0.018 
Average Plagioclase Rim Compositions 
Sample 
Si02 
Ti02 
Al203 
Cr203 
FeO 
Fe203 
MnO 
MgO 
Cao 
Na20 
K20 
Total 
207 
n=ll 
57.41 
0.01 
26.58 
0.00 
0.27 
0.20 
0.00 
0.00 
8.08 
6.90 
0.57 
100 
Cati11os t11 B Qu21:05 
Si 2.580 
Ti 0.000 
Al 1.408 
Cr 0.000 
Fe2+ 0.010 
Fe3+ 0.007 
Mn 0.000 
Mg 0.000 
Ca 0.389 
Na 0.601 
K 0.033 
Total 5.029 
XAlb 0.588 
XAno 0.380 
XOrth 0.032 
678 
n=9 
59.37 
0.01 
25.11 
0.00 
0.23 
0.16 
0.00 
0.00 
6.64 
7.68 
0.82 
100 
2.659 
0.000 
l.326 
0.000 
0.008 
0.005 
0.000 
0.000 
0.319 
0.667 
0.047 
5.032 
0.646 
0.309 
0.045 
206 
n=lO 
58.71 
0.05 
25.48 
0.00 
0.27 
0.20 
0.00 
0.00 
7.15 
7.36 
0.80 
100 
2.634 
0.002 
1.347 
0.000 
0.010 
0.007 
0.000 
0.000 
0.344 
0.640 
0.046 
5.030 
0.622 
0.334 
0.044 
212 
n=lO 
57.86 
O.o3 
26.22 
0.00 
0.27 
0.19 
0.00 
0.00 
7.72 
7.35 
0.39 
100 
2.598 
0.001 
1.387 
0.000 
0.010 
0.006 
0.000 
0.000 
0.371 
0.640 
0.022 
5.036 
0.619 
0.359 
0.021 
204 
n=lO 
56.80 
0.00 
27.26 
0.00 
0.15 
0.10 
0.00 
0.00 
8.90 
6.55 
0.25 
100 
2.552 
0.000 
l.443 
0.000 
0.006 
0.004 
0.000 
0.000 
0.428 
0.571 
0.014 
5.017 
0.563 
0.423 
0.014 
214 
n=8 
55.85 
0.02 
27.85 
0.00 
0.24 
0.17 
0.00 
0.04 
9.19 
6.38 
0.26 
100 
2.516 
0.001 
1.478 
0.000 
0.009 
0.006 
0.000 
0.003 
0.443 
0.557 
0.015 
5.028 
0.549 
0.437 
0.015 
002 
n=l2 
57.35 
0.01 
26.84 
0.00 
0.12 
0.08 
0.00 
0.00 
8.30 
7.00 
0.32 
100 
2.574 
0.000 
1.420 
0.000 
0.004 
0.003 
0.000 
0.000 
0.399 
0.609 
0.018 
5.028 
0.593 
0.389 
0.018 
799 
n=l4 
57.21 
0.01 
26.64 
0.00 
0.31 
0.22 
0.00 
0.00 
8.63 
6.24 
0.76 
100 
2.574 
0.000 
1.413 
0.000 
0.011 
0.007 
0.000 
0.000 
0.416 
0.545 
0.044 
5.010 
0.542 
0.414 
0.043 
389 
n=l2 
57.30 
0.01 
26.83 
0.00 
0.12 
0.08 
0.00 
0.00 
8.33 
7.02 
0.32 
100 
2.573 
0.000 
1.420 
0.000 
0.004 
0.003 
0.000 
0.000 
0.401 
0.611 
0.019 
5.030 
0.593 
0.389 
0.018 
009 
n=l4 
57.61 
0.00 
26.74 
0.00 
0.20 
0.14 
0.00 
0.00 
8.31 
6.66 
0.35 
100 
2.583 
0.000 
1.413 
0.000 
0.007 
0.005 
0.000 
0.000 
0.399 
0.579 
0.020 
5.007 
0.580 
0.400 
0.020 
948 
n=8 
65.39 
0.02 
21.35 
0.00 
0.05 
0.04 
0.00 
0.00 
l.58 
11.33 
0.25 
100 
2.883 
0.001 
1.109 
0.000 
0.002 
0.001 
0.000 
0.000 
0,075 
0.968 
0.014 
5.053 
0.916 
0.071 
0.013 
002 
n=9 
57.95 
0.00 
26.40 
0.00 
0.16 
0.12 
0.00 
0.00 
8.10 
6.76 
0.52 
100 
2.599 
0.000 
l.395 
0.000 
0.006 
0.004 
0.000 
0.000 
0.389 
0.587 
0.030 
5.010 
0.584 
0.387 
0.030 
972 
n=9 
55.00 
0.00 
28.19 
0.00 
0.26 
0.19 
0.00 
0.00 
10.15 
5.78 
0.45 
100 
2.485 
0.000 
1.501 
0.000 
0.010 
0.006 
0.000 
0.000 
0.491 
0.506 
0.026 
5.027 
0.495 
0.480 
0.025 
389 
n=8 
58.16 
0.00 
26.28 
0.00 
0.16 
O.ll 
0.00 
0.00 
7.93 
6.95 
0.41 
100 
2.606 
0.000 
l.388 
0.000 
0.006 
0.004 
0.000 
0.000 
0.381 
0.604 
0.024 
5.012 
0.599 
0.377 
0.023 
956 
n=9 
58.82 
O.o3 
25.58 
0.00 
0.20 
0.14 
0.00 
0.00 
7.06 
7.65 
0.55 
100 
2.635 
0.001 
1.351 
0.000 
0.007 
0.005 
0.000 
0.000 
0.339 
0.665 
0.031 
5.034 
0.642 
0.327 
0.030 
009 
n=ll 
54.64 
O.ot 
28.71 
0.00 
0.19 
0.13 
0.00 
0.00 
10.41 
5.75 
0.18 
100 
2.467 
0.000 
1.528 
0.000 
0.007 
0.005 
0.000 
0.000 
0.504 
0.503 
0.010 
5.024 
0.495 
0.495 
0.010 
C2-6 
799 
n=l l 
58.31 
0.02 
25.97 
0.00 
0.18 
0.13 
0.00 
0.00 
7.49 
7.18 
0.74 
100 
2.616 
0.001 
1.373 
0.000 
0.007 
0.004 
0.000 
0.000 
0.360 
0.625 
0.043 
5.028 
0.608 
0.350 
0.041 

Appendix C3 C3-1 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 
Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core 
Si02 43.24 43.31 43.64 43.27 43.23 44.43 44.25 44.68 45.54 44.96 43.71 45.07 43.82 44.21 44.45 
Ti02 1.50 1.51 1.69 1.69 1.65 1.58 1.65 1.45 1.42 1.49 1.60 1.54 1.72 1.70 1.54 
Al203 13.31 13.33 12.59 12.96 13.35 12.29 12.55 12.08 11 .06 11 .61 12.63 11.45 12.58 12.26 12.28 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 9.18 9.55 8.03 8.62 9.39 7.78 8.10 9.29 9.47 8.64 9.23 8.87 9.47 8.10 8.93 
FeO 2.80 2.56 3.42 3.07 2.90 1.90 1.71 0.71 0.62 1.09 1.24 1.08 1.79 2.44 1.37 
MnO 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.00 0.00 
MgO 15.31 15.35 15.53 15.47 15.25 16.84 16.71 16.93 17.30 17.07 16.45 16.98 16.03 16.26 16.92 
cao 11.47 11.44 11.57 11.48 11.63 11 .73 11 .63 11 .50 11 .61 11 .51 11 .66 11.49 11 .52 11 .61 11 .68 
Na20 2.67 2.71 2.58 2.69 2.51 2.58 2.59 2.41 2.23 2.53 2.41 2.37 2.46 2.52 2.64 
K20 0.52 0.51 0.57 0.60 0.55 0.65 0.64 0.58 0.47 0.46 0.56 0.49 0.59 0.59 0.62 
H20* 2.13 2.13 2.12 2.12 2.13 2.14 2.14 2.14 2.15 2.14 2.13 2.14 2.13 2.13 2.15 
Total 1!l2...14 1J!.2..5.0. 1il1.3. fil.96. 102...59. .101...92 .1Q1..iZ 1!21..1§ 1QUZ ill...50. 10.1...61 .1.0.1M 10.Ua .1ltl..U 1.QUZ 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.10 6.09 6.18 6.12 6.08 6.23 6.21 6.26 6.36 6.31 6.16 6.33 6.16 6.23 6.20 
Aliv 1.90 1.91 1.82 1.88 1.92 1.77 1.79 1.74 1.64 1.69 1.84 1.67 1.84 1.77 1.80 
Alvi 0.31 0.30 0.28 0.28 0.29 0.27 0.28 0.25 0.18 0.23 0.25 0.22 0.24 0.26 0.22 
Ti 0.16 0.16 0.18 0.18 0.17 0.17 0.17 0.15 0.15 0.16 0.17 0.16 0.18 0.18 0.16 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.97 1.01 0.86 0.92 0.99 0.82 0.85 0.98 1.00 0.91 0.98 0.94 1.00 0.86 0.94 
Fe2+ 0.33 0.30 0.40 0.36 0.34 0.22 0.20 0.08 0.07 0.13 0.15 0.13 0.21 0.29 0.16 
Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Mg 3.22 3.22 3.28 3.26 3.20 3.52 3.49 3.53 3.60 3.57 3.45 3.55 3.36 3.41 3.52 
Ca 1.73 1.72 1.76 1.74 1.75 1.76 1.75 1.73 1.74 1.73 1.76 1.73 1.73 1.75 1.75 
Na 0.73 0.74 0.71 0.74 0.68 0.70 0.70 0.65 0.60 0.69 0.66 0.65 0.67 0.69 0.71 
K 0.09 0.09 0.10 0.11 0.10 0.12 0.12 0.10 0.08 0.08 0.10 0.09 0.11 0.11 0.11 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.56 17.56 17.57 17.59 17.53 17.58 17.57 17.48 17.43 17.50 17.52 17.46 17.51 17.54 17.57 
Appendix C3 C3-2 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 EA043204 
Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim 
Si02 44.39 40.96 40.81 40.59 40.37 40.67 41 .52 40.43 42.06 39.84 40.32 40.05 40.40 40.73 40.01 
Ti02 1.54 1.76 1.63 1.36 1.34 0.95 0.89 0.94 0.97 1.75 1.69 1.73 1.51 1.71 1.63 
Al203 12.23 15.09 14.77 14.66 15.28 15.85 13.48 15.12 14.10 14.79 14.92 15.10 14.79 15.04 15.05 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 8.21 9.42 9.17 9.81 8.50 11 .74 11.40 11.35 12.00 9.41 7.78 8.68 9.64 8.17 8.52 
FeO 2.03 7.37 8.86 7.96 8.48 6.29 8.37 8.41 6.49 8.44 9.62 7.34 6.53 7.43 7.10 
MnO 0.00 0.25 0.34 0.31 0.11 0.44 0.68 0.37 0.61 0.29 0.27 0.17 0.14 0.15 0.14 
MgO 16.68 11 .46 10.53 10.65 10.62 10.07 9.38 9.46 10.57 10.38 10.17 11 .35 11 .56 11.69 11.61 
cao 11 .72 11 .45 11 .27 11.24 11.43 10.58 10.53 10.79 10.61 11 .09 11 .22 11.39 11 .20 11.46 11 .33 
Na20 2.62 2.32 2.39 2.17 2.10 2.12 1.86 2.18 2.04 2.29 2.31 2.21 2.20 2.34 2.47 
K20 0.57 0.73 0.70 0.67 0.68 0.54 0.54 0.67 0.60 0.83 0.75 0.81 0.75 0.73 0.67 
H20* 2.14 2.09 2.07 2.05 2.05 2.07 2.03 2.05 2.08 2.04 2.04 2.05 2.05 2.07 2.05 
Total 1.QZ.12. 10.2..91 10.2....5.a ID& ~ 101..3.1 100.§I 10.1.18 1.QZ.12. ~ .10.1...0.8 100...81. lfill..Ia .101..52 W.58 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.22 5.88 5.91 5.92 5.91 5.90 6.12 5.91 6.07 5.85 5.93 5.86 5.90 5.91 5.86 
Aliv 1.78 2.12 2.09 2.08 2.09 2.10 1.88 2.09 1.93 2.15 2.07 2.14 2.10 2.09 2.14 
Alvi 0.25 0.43 0.44 0.45 0.55 0.62 0.46 0.51 0.46 0.42 0.51 0.46 0.44 0.48 0.46 
Ti 0.16 0.19 0.18 0.15 0.15 0.10 0.10 0.10 0.11 0.19 0.19 0.19 0.17 0.19 0.18 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.87 1.02 1.00 1.08 0.94 1.28 1.26 1.25 1.30 1.04 0.86 0.96 1.06 0.89 0.94 
Fe2+ 0.24 0.88 1.07 0.97 1.04 0.76 1.03 1.03 0.78 1.04 1.18 0.90 0.80 0.90 0.87 
Mn 0.00 0.03 0.04 0.04 0.01 0.05 0.08 0.05 O.Q7 0.04 0.03 0.02 0.02 0.02 0.02 
Mg 3.49 2.45 2.27 2.32 2.32 2.18 2.06 2.06 2.27 2.27 2.23 2.47 2.52 2.53 2.54 
Ca 1.76 1.76 1.75 1.76 1.79 1.65 1.66 1.69 1.64 1.75 1.77 1.78 1.75 1.78 1.78 
Na 0.71 0.65 0.67 0.61 0.60 0.60 0.53 0.62 0.57 0.65 0.66 0.63 0.62 0.66 0.70 
K 0.10 0.13 0.13 0.13 0.13 0.10 0.10 0.1 3 0.11 0.15 0.14 0.15 0.14 0.14 0.13 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2:00 2.00 2.00 2.00 2.00 2.00 
Total 17.58 17.54 17.55 17.50 17.52 17.34 17.30 17.43 17.32 17.55 17.57 17.56 17.51 17.57 17.61 
Appendix C3 C3-3 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA043204 EA043204 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 EA043212 
Core Rim Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim 
Si02 39.95 39.71 46.67 45.16 44.86 45.19 45.53 44.84 44.58 44.95 46.90 44.96 44.70 44.51 45.38 
Ti02 1.68 1.54 2.08 2.13 2.14 2.11 2.19 2.33 2.45 2.30 1.95 2.30 2.20 2.51 1.63 
Al203 15.00 15.33 8.55 8.51 8.64 8.41 8.77 9.58 9.73 9.24 7.98 9.31 9.50 9.79 9.77 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 9.17 7.60 6.97 7.85 7.73 7.09 7.52 7.34 6.85 6.74 7.32 7.39 7.70 7.71 8.39 
FeO 7.55 6.66 5.99 4.88 5.22 5.79 5.20 6.20 6.63 6.41 5.15 5.76 5.62 5.85 4.69 
MnO 0.19 0.00 0.39 0.28 0.30 0.35 0.29 0.38 0.39 0.38 0.30 0.30 0.32 0.25 0.29 
MgO 10.90 11 .85 15.43 15.27 14.79 14.95 15.19 14.47 14.63 14.70 15.73 14.96 14.70 14.58 15.21 
Cao 11 .11 11.22 11.46 11.09 10.95 11 .13 11.25 11 .29 11.43 11 .38 11 .29 11.47 11 .34 11 .22 11 .42 
Na20 2.31 2.56 2.01 2.01 1.93 2.05 1.91 1.97 2.27 2.08 1.88 1.99 2.01 2.04 2.09 
K20 0.70 0.53 0.87 0.78 0.77 0.77 0.75 0.94 0.96 0.87 0.75 0.80 0.73 0.96 0.67 
H20* 2.04 2.03 2.12 2.07 2.06 2.06 2.09 2.09 2.09 2.08 2.11 2.09 2.08 2.09 2.11 
Total .1MM .9M3 ~ ~ ~ ~ .1.l20..ti9. 10.1& 1.02.Jl1 .1.0.1...H ~ .1.D1..3! .1MM 1.QM9 .1.!lU.6 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 5.87 5.87 6.60 6.54 6.54 6.57 6.55 6.44 6.39 6.47 6.68 6.45 6.44 6.39 6.46 
Aliv 2.13 2.13 1.40 1.45 1.46 1.43 1.45 1.56 1.61 1.53 1.32 1.55 1.56 1.61 1.54 
Alvi 0.46 0.55 0.03 0.00 0.03 0.01 0.03 0.06 0.03 0.04 0.02 0.03 0.05 0.04 0.10 
Ti 0.19 0.17 0.22 0.23 0.24 0.23 0.24 0.25 0.26 0.25 0.21 0.25 0.24 0.27 0.17 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 1.01 0.85 0.74 0.85 0.85 0.78 0.81 0.79 0.74 0.73 0.78 0.80 0.84 0.83 0.90 
Fe2+ 0.93 0.82 0.71 0.59 0.64 0.70 0.63 0.75 0.79 0.77 0.61 0.69 0.68 0.70 0.56 
Mn 0.02 0.00 0.05 0.03 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.04 0.03 0.03 
Mg 2.39 2.61 3.25 3.30 3.22 3.24 3.26 3.10 3.13 3.16 3.34 3.20 3.16 3.12 3.23 
Ca 1.75 1.78 1.74 1.72 1.71 1.73 1.73 1.74 1.76 1.76 1.72 1.76 1.75 1.73 1.74 
Na 0.66 0.73 0.55 0.57 0.55 0.58 0.53 0.55 0.63 0.58 0.52 0.55 0.56 0.57 0.58 
K 0.13 0.10 0.16 0.14 0.14 0.14 0.14 0.17 0.18 0.16 0.14 0.15 0.13 0.18 0.12 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.54 17.61 17.45 17.43 17.40 17.45 17.40 17.46 17.56 17.50 17.38 17.46 17.45 17.47 17.44 
Appendix CJ C3-4 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA043212 EA043212 EA043206 EA043206 EA043206 EA043206 EA043206 EA043206 EA043206 EA043206 EA043207 EA043207 EA043207 EA043207 EA043207 
Core Rim Core Core Core Core Core Core Core Core Core Core Core Core Core 
Si02 43.00 42.51 44.20 44.07 43.44 43.93 41 .02 42.56 43.04 45.11 43.50 42.38 45.33 44.39 43.62 
Ti02 2.92 2.76 2.81 3.14 3.38 3.21 1.98 2.64 3.69 2.31 2.98 3.31 2.40 3.09 2 .66 
Al203 12.05 11.44 9.86 10.28 10.60 10.13 14.13 11 .63 11 .05 9.30 11 .18 11 .03 9.09 10.70 10.39 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 6.33 5.71 6.01 6.29 5.49 6.18 8.43 7.13 5.71 6.93 6.78 6.50 7.09 7.00 6.78 
FeO 6.56 7.43 6.40 5.83 6.69 6.27 2.46 7.06 6.41 6.53 5.22 6.40 5.45 5.02 5.53 
MnO 0.29 0.34 0.19 0.16 0.16 0.17 0.00 0.22 0.18 0.25 0.17 0.17 0.28 0.19 0.13 
MgO 14.12 13.47 15.03 15.19 14.86 15.02 15.37 13.58 14.77 14.69 15.19 14.27 15.38 15.57 14.75 
cao 11.37 11 .41 11.40 11 .36 11.47 11.45 11 .83 11 .42 11.42 11.44 11.38 11.24 11 .33 11.26 11.16 
Na20 2.69 2.32 2.36 2.37 2.47 2.31 2.47 2.37 2.49 1.94 2.76 2.60 2.19 2.88 2.41 
K20 0.78 0.75 0.99 0.99 0.97 0.98 0.80 0.90 0.96 0.96 0.62 0.76 0.79 0.62 0.62 
H20* 2.10 2.05 2.08 2.10 2.09 2.09 2.09 2.07 2.09 2.09 2.10 2.06 2.10 2.13 2.07 
Total .1.0.Z.2.Q 1fil!..11!. fil.ll 1fil.li 101..6.2. 1.!21..li 10.Ma fil..59. 1fil.li 1.Q1M ill.Bi 1aU3 1ll.A2 10.2...8.3 1filLI.1 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.15 6.21 6.36 6.30 6.24 6.30 5.89 6.15 6.17 6.47 6.20 6.15 6.48 6.26 6.32 
Aliv 1.85 1.79 1.64 1.70 1.76 1.70 2.11 1.85 1.83 1.53 1.80 1.85 1.52 1.74 1.68 
Alvi 0.18 0.18 0.03 0.03 0.04 0.01 0.29 0.13 0.04 0.05 0.08 0.04 0.02 0.04 0.10 
Ti 0.31 0.30 0.30 0.34 0.36 0.35 0.21 0.29 0.40 0.25 0.32 0.36 0.26 0.33 0.29 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.68 0.63 0.65 0.68 0.59 0.67 0.91 0.78 0.62 0.75 0.73 0.71 0.76 0.74 0.74 
Fe2+ 0.78 0.91 0.77 0.70 0.80 0.75 0.30 0.85 0.77 0.78 0.62 0.78 0.65 0.59 0.67 
Mn 0.04 0.04 0.02 0.02 0.02 0.02 0.00 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.02 
Mg 3.01 2.94 3.22 3.24 3.18 3.21 3.29 2.92 3.16 3.14 3.23 3.09 3.28 3.27 3.19 
Ca 1.74 1.79 1.76 1.74 1.77 1.76 1.82 1.77 1.75 1.76 1.74 1.75 1.74 1.70 1.73 
Na 0.75 0.66 0.66 0.66 0.69 0.64 0.69 0.67 0.69 0.54 0.76 0.73 0.61 0.79 0.68 
K 0.14 0.14 0.18 0.18 0.18 0.18 0.15 0.17 0.18 0.18 0.11 0.14 0.14 0.11 0.12 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.63 17.58 17.60 17.58 17.63 17.58 17.66 17.60 17.62 17.47 17.61 17.62 17.49 17.60 17.53 
AppendixC3 C3-5 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA043207 EA043207 EA043207 EA049678 EA049678 EA049678 EA049678 EA049678 EA049678 EA049678 EA049678 EA045002 EA045002 EA045002 EA045002 
Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core 
Si02 45.03 44.06 43.77 46.11 45.52 44.04 43.86 46.39 45.00 45.71 41 .57 43.87 43.54 40.69 44.15 
Ti02 2.56 3.19 2.63 2.15 2.25 2.44 2.69 2.06 2.31 2.18 3.06 1.01 1.04 2.36 0.97 
Al203 9.66 10.57 10.48 8.47 9.25 9.84 10.58 8.70 9.12 8.74 13.39 9.95 10.91 12.62 10.35 
Cr203 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 6.14 6.55 7.52 6.77 7.49 7.21 6.94 7.43 7.83 8.51 6.67 10.52 10.54 6.42 10.46 
FeO 6.21 5.45 5.18 6.39 5.72 6.50 7.08 5.88 5.79 5.03 4.94 5.68 6.03 8.00 5.32 
MnO 0.18 0.22 0.29 0.31 0.36 0.39 0.34 0.39 0.32 0.31 0.15 0.40 0.39 0.10 0.36 
MgO 15.09 15.32 14.84 14.90 14.92 14.15 13.89 15.22 14.77 14.93 14.81 12.84 12.67 12.85 13.07 
Cao 11 .31 11.32 11.19 11 .22 11 .18 11 .28 11 .27 11 .42 11 .30 11 .02 11 .86 11.06 11.16 12.02 10.97 
Na20 2.31 2.68 2.53 1.97 2.12 2.04 2.21 1.99 2.03 1.92 2.64 1.52 1.76 2.09 1.68 
K20 0.85 0.72 0.63 0.80 0.85 0.93 1.04 0.82 0.77 0.73 0.73 0.47 0.58 0.85 0.49 
H20* 2.09 2.11 2.09 2.09 2.10 2.07 2.09 2.12 2.09 2.09 2.10 2.04 2.06 2.03 2.06 
Total 1Jl1M ~ 1Q1.23. ~ 1.!21..Z6 1.Q.Q...89. ~ ~ fil.31. .101...12 .1Q1.9.1 ll..3§ 10.0..69 1MJ!..3. 9.9...fil 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.45 6.26 6.29 6.61 6.50 6.38 6.30 6.57 6.46 6.55 5.94 6.44 6.33 6.00 6.44 
Aliv 1.55 1.74 1.71 1.39 1.50 1.62 1.70 1.43 1.54 1.45 2.06 1.56 1.67 2.00 1.56 
Alvi 0.08 0.04 0.06 0.05 0.05 0.06 0.09 0.03 0.01 0.02 0.19 0.17 0.20 0.20 0.21 
Ti 0.28 0.34 0.28 0.23 0.24 0.27 0.29 0.22 0.25 0.23 0.33 0.11 0.11 0.26 0.11 
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.66 0.70 0.81 0.73 0.80 0.79 0.75 0.79 0.85 0.92 0.72 1.16 1.15 0.71 1.15 
Fe2+ 0.74 0.65 0.62 0.77 0.68 0.79 0.85 0.70 0.70 0.60 0.59 0.70 0.73 0.99 0.65 
Mn 0.02 0.03 0.04 0.04 0.04 0.05 0.04 0.05 0.04 0.04 0.02 0.05 0.05 0.01 0.04 
Mg 3.22 3.25 3.18 3.19 3.17 3.05 2.97 3.22 3.16 3.19 3.15 2.81 2.75 2.83 2.84 
Ca 1.73 1.72 1.72 1.72 1.71 1.75 1.73 1.73 1.74 1.69 1.82 1.74 1.74 1.90 1.71 
Na 0.64 0.74 0.70 0.55 0.59 0.57 0.62 0.55 0.56 0.53 0.73 0.43 0.50 0.60 0.47 
K 0.15 0.13 0.12 0.15 0.15 0.17 0.19 0.15 0.14 0.13 0.13 0.09 0.11 0.16 0.09 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.53 17.59 17.54 17.42 17.45 17.49 17.54 17.43 17.44 17.36 17.68 17.26 17.34 17.66 17.28 
Appendix C3 C3-6 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA045002 EA046389 EA046389 EA046389 EA046389 EA046389 
Core Core Core Rim Rim Rim Rim Rim Rim Rim Core Core Core Core Core 
Si02 44.76 43.38 43.05 43.78 44.03 43.70 44.56 44.09 43.82 44.35 44.51 43.12 43.89 42.52 42.94 
Ti02 1.00 1.39 1.35 1.47 1.05 1.42 0.94 1.23 1.05 1.45 0.95 1.10 1.17 1.18 1.09 
Al203 9.63 11 .22 11.64 12.42 10.21 10.04 10.33 10.64 10.19 10.11 10.14 11.04 10.43 12.24 11.03 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 10.99 9.93 8.87 5.38 7.95 11.29 11.14 11.67 10.91 11 .34 10.96 11 .35 10.21 9.71 10.27 
FeO 4.68 5.58 6.76 8.46 7.32 4.22 4.68 4.66 5.62 4.58 5.01 5.46 5.94 6.49 6.84 
MnO 0.33 0.32 0.34 0.38 0.35 0.39 0.33 0.35 0.40 0.35 0.32 0.29 0.36 0.30 0.42 
MgO 13.55 12.79 12.54 13.09 13.21 13.46 13.22 13.31 12.98 13.70 13.26 12.20 13.13 12.21 11 .94 
Cao 11.00 10.74 11.16 11.47 11.02 10.69 10.96 10.87 10.94 10.84 10.96 10.69 10.95 11.23 11 .08 
Na20 1.54 1.99 1.96 2.67 2.51 1.77 1.48 1.89 1.95 2.03 1.65 1.65 2.10 1.81 1.63 
K20 0.41 0.56 0.65 0.77 0.55 0.58 0.48 0.59 0.47 0.51 0.48 0.49 0.61 0.65 0.62 
H20* 2.06 2.06 2.06 2.09 2.05 2.05 2.07 2.08 2.06 2.09 2.07 2.04 2.07 2.05 2.04 
Total ~ ~ 1.Qo...3.9. 1JlUJl 10.2...2§. .99...6.2. 1.Q0..19. .1.Q1AQ 1.Qo...3.9. 1Q1..3.5 ~ iU3 1fill.BZ .1QMO. ~ 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.50 6.33 6.28 6.29 6.44 6.38 6.46 6.34 6.39 6.37 6.45 6.33 6.37 6.21 6.32 
Aliv 1.50 1.67 1.72 1.71 1.56 1.62 1.54 1.66 1.61 1.63 1.55 1.67 1.63 1.79 1.68 
Alvi 0.15 0.26 0.28 0.39 0.19 0.11 0.22 0.15 0.14 0.09 0.19 0.24 0.15 0.31 0.23 
Ti 0.11 0.15 0.15 0.16 0.12 0.16 0.10 0.13 0.12 0.16 0.10 0.12 0.13 0.13 0.12 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 1.20 1.09 0.97 0.58 0.87 1.24 1.21 1.26 1.20 1.23 1.20 1.25 1.11 1.07 1.14 
Fe2+ 0.57 0.68 0.83 1.02 0.89 0.51 0.57 0.56 0.68 0.55 0.61 0.67 0.72 0.79 0.84 
Mn 0.04 0.04 0.04 0.05 0.04 0.05 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.05 
Mg 2.93 2.78 2.73 2.80 2.88 2.93 2.86 2.85 2.82 2.94 2.87 2.67 2.84 2.66 2.62 
Ca 1.71 1.68 1.74 1.77 1.73 1.67 1.70 1.67 1.71 1.67 1.70 1.68 1.70 1.76 1.75 
Na 0.43 0.56 0.55 0.74 0.71 0.50 0.42 0.53 0.55 0.57 0.46 0.47 0.59 0.51 0.46 
K 0.08 0.10 0.12 0.14 0.10 0.11 0.09 0.11 0.09 0.09 0.09 0.09 0.11 0.12 0.12 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.22 17.35 17.42 17.65 17.54 17.28 17.21 17.31 17.34 17.33 17.25 17.24 17.41 17.39 17.33 
Appendix C3 C3-7 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA046389 EA045026 EA045026 EA045026 EA045026 EA045026 EA045026 
Core Core Rim Rim Rim Rim Rim Rim Rim Core Core Core Core Core Core 
Si02 43.05 42.41 43.37 43.20 44.35 43.94 43.11 44.73 43.17 46.12 45.37 44.57 44.75 45.09 44.36 
Ti02 1.11 1.17 1.30 1.11 1.25 1.14 0.95 1.21 1.11 2.23 2.15 2.29 2.05 1.79 2.45 
Al203 11 .21 11 .72 11 .23 11 .00 10.13 10.50 11.10 9.83 10.58 7.93 8.15 9.02 8.60 8.87 8.81 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 7.71 9.97 11.11 8.56 11.91 10.39 10.56 12.43 11 .24 6.42 7.40 6.75 7.08 7.78 6.32 
FeO 8.01 7.05 5.66 7.64 3.92 5.71 7.14 3.25 4.76 4.89 4.08 5.56 5.87 3.68 5.52 
MnO . 0.32 0.43 0.38 0.31 0.37 0.37 0.45 0.37 0.33 0.32 0.23 0.25 0.26 0.32 0.29 
MgO 12.17 11.77 12.42 12.49 13.76 13.06 11.68 14.01 12.94 16.05 15.95 15.18 15.24 15.95 15.10 
Cao 11.06 11.16 10.91 11.14 10.78 11 .09 11 .08 10.78 10.86 11 .52 11.36 11 .38 11 .63 11.46 11.31 
Na20 2.14 1.70 1.71 2.20 1.86 1.77 1.65 1.70 1.64 1.86 1.79 2.12 1.85 2.01 1.99 
K20 0.61 0.73 0.57 0.68 0.57 0.61 0.57 0.48 0.58 0.60 0.63 0.71 1.01 0.50 0.65 
H20* 2.03 2.04 2.06 2.05 2.08 2.07 2.04 2.09 2.04 2.08 2.07 2.06 2.07 2.07 2.05 
Total 9U2. ~ 1QQ.ZZ W.a§ 100...99. ~ 10..0..ll 1.0.ll.Jm .9.9...2! .1.DO....Q2. 29...1.a tt..6.8 .1.llD...4a 9"3. ~ 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.36 6.24 6.30 6.33 6.38 6.38 6.32 6.43 6.34 6.64 6.59 6.47 6.49 6.52 6.50 
Allv 1.64 1.76 1.70 1.67 1.62 1.62 1.68 1.57 1.66 1.35 1.39 1.53 1.47 1.48 1.50 
Alvi 0.31 0.27 0.22 0.23 0.10 0.18 0.24 0.09 0.18 0.00 0.00 0.02 0.00 0.03 0.02 
Ti 0.12 0.13 0.14 0.12 0.14 0.12 0.10 0.13 0.12 0.24 0.23 0.25 0.22 0.19 0.27 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.86 1.10 1.21 0.94 1.29 1.13 1.17 1.34 1.24 0.70 0.81 0.74 0.77 0.85 0.70 
Fe2+ 0.99 0.87 0.69 0.94 0.47 0.69 0.88 0.39 0.58 0.59 0.50 0.68 0.71 0.45 0.68 
Mn 0.04 0.05 0.05 0.04 0.05 0.05 0.06 0.05 0.04 0.04 0.03 0.03 0.03 0.04 0.04 
Mg 2.68 2.58 2.69 2.73 2.95 2.83 2.55 3.00 2.83 3.45 3.45 3.29 3.30 3.44 3.30 
Ca 1.75 1.76 1.70 1.75 1.66 1.72 1.74 1.66 1.71 1.78 1.77 1.77 1.81 1.78 1.78 
Na 0.61 0.48 0.48 0.62 0.52 0.50 0.47 0.47 0.47 0.52 0.50 0.60 0.52 0.56 0.57 
K 0.12 0.14 0.11 0.13 0.10 0.11 0.11 0.09 0.11 0.11 0.12 0.13 0.19 0.09 0.12 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.48 17.38 17.28 17.50 17.29 17.34 17.32 17.22 17.28 17.41 17.39 17.50 17.52 17.43 17.46 
Appendix C3 C3-8 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA045026 EA045026 EA045026 EA045026 EA045026 EA045026 EA045026 EA045026 EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 
Core Rim Rim Rim Rim Rim Rim Rim Core Core Core Core Core Core Core 
Si02 43.07 44.38 42.42 45.05 45.87 44.13 40.97 44.24 42.45 44.31 45.32 43.33 45.87 45.30 44.15 
Ti02 2.67 2.14 1.89 2.65 2.28 1.97 2.68 1.98 2.47 2.32 2.04 2.45 2.42 2.49 2.35 
Al203 10.27 8.68 10.50 9.45 7.59 9.73 11.25 8.45 10.19 8.63 7.82 9.48 9.29 8.54 8.88 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 7.47 6.80 7.86 7.32 5.80 7.75 6.71 7.04 6.78 6.41 6.54 6.27 2.88 2.69 6.93 
FeO 5.13 6.11 4.74 5.00 5.38 4.60 6.78 5.76 6.51 6.37 5.81 6.28 8.29 7.94 5.90 
MnO 0.24 0.32 0.19 0.16 0.22 0.26 0.24 0.33 0.27 0.24 0.32 0.26 0.39 0.34 0.20 
MgO 14.76 14.65 14.55 15.66 16.10 15.37 13.49 14.93 14.05 14.89 15.39 14.75 14.65 15.47 14.90 
Cao 11 .24 11 .36 11 .35 11.63 11 .60 11 .50 11 .48 11.48 11.49 11 .43 11 .53 11.35 11.50 12.25 11.38 
Na20 2.29 1.76 2.22 2.03 1.96 2.15 2.28 1.73 2.03 2.07 1.79 2.23 2.07 1.91 1.96 
K20 0.77 0.90 0.55 0.74 0.53 0.76 0.75 0.96 0.90 0.76 0.78 1.03 0.90 0.73 0.86 
H20* 2.06 2.04 2.03 2.11 2.07 2.07 2.01 2.04 2.03 2.05 2.05 2.04 2.07 2.06 2.05 
Total ~ R.li R.aQ 1.0.1M ~ 10.0...2.9. 2BM .9u.a ~ ~ ~ ~ ~ ii.lo. iMZ 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.27 6.51 6.27 6.41 6.66 6.38 6.10 6.51 6.27 6.49 6.61 6.36 6.63 6.60 6.45 
Aliv 1.73 1.49 1.73 1.58 1.30 1.62 1.90 1.47 1.73 1.49 1.34 1.64 1.37 1.40 1.53 
Alvi 0.03 0.02 0.10 0.00 0.00 0.04 0.08 0.00 0.04 0.00 0.00 0.00 0.21 0.06 0.00 
Ti 0.29 0.24 0.21 0.28 0.25 0.21 0.30 0.22 0.27 0.26 0.22 0.27 0.26 0.27 0.26 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.82 0.75 0.87 0.78 0.63 0.84 0.75 0.78 0.75 0.71 0.72 0.69 0.31 0.30 0.76 
Fe2+ 0.62 0.75 0.59 0.60 0.65 0.56 0.84 0.71 0.80 0.78 0.71 0.77 1.00 0.97 0.72 
Mn 0.03 0.04 0.02 0.02 0.03 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.05 0.04 0.02 
Mg 3.20 3.21 3.21 3.32 3.48 3.31 3.00 3.27 3.09 3.25 3.35 3.23 3.16 3.36 3.25 
Ca 1.75 1.79 1.80 1.77 1.80 1.78 1.83 1.81 1.82 1.79 1.80 1.79 1.78 1.91 1.78 
Na 0.65 0.50 0.64 0.56 0.55 0.60 0.66 0.49 0.58 0.59 0.51 0.63 0.58 0.54 0.56 
K 0.14 0.17 0.10 0.13 0.10 0.14 0.14 0.18 0.17 0.14 0.15 0.19 0.17 0.14 0.16 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.54 17.46 17.54 17.47 17.45 17.52 17.63 17.48 17.57 17.52 17.46 17.61 17.53 17.59 17.50 
Appendix C3 C3-9 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA045799 EA045799 EA045799 EA045799 EA045799 EA045799 DA993948 DA993948 DA993948 DA993948 DA993948 DA993948 DA993948 DA993948 DA993948 
Rim Rim Rim Rim Rim Rim Core Core Core Core Core Core Rim Rim Rim 
Si02 41 .33 43.28 44.79 44.73 43.69 43.88 43.94 43.24 43.02 43.27 41 .31 43.88 43.58 43.86 45.63 
Ti02 3.46 2.43 2.31 2.09 2.48 2.36 1.15 1.31 1.51 1.39 2.43 1.21 1.21 1.62 1.55 
Al203 11.15 9.49 8.64 8.54 9.54 8.94 10.52 11 .04 11 .28 10.94 12.79 10.29 10.73 9.62 9.13 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 4.78 6.56 7.66 6.04 6.09 6.37 10.78 11.43 11 .08 10.93 6.25 10.47 11 .16 9.64 9.86 
FeO 8.04 6.78 4.91 5.90 6.20 6.70 4.47 4.64 4.57 4.61 6.31 4.61 4.46 5.12 3.95 
MnO 0.36 0.32 0.32 0.22 0.31 0.36 0.35 0.25 0.37 0.32 0.00 0.35 0.34 0.27 0.18 
MgO 13.39 14.21 15.41 15.59 14.94 14.70 13.68 13.00 13.11 13.23 14.26 13.70 13.57 13.69 15.16 
Cao 11.59 11.44 11.41 11.41 11 .59 11.51 11.14 10.87 10.74 10.99 12.01 11 .10 11.13 11 .02 11.08 
Na20 2.21 1.89 1.97 2.30 2.12 2.16 1.74 1.73 2.02 1.75 2.40 1.76 1.84 1.58 1.96 
K20 0.88 1.11 0.73 0.95 0.92 0.89 0.55 0.54 0.60 0.53 0.93 0.56 0.53 0.68 0.58 
H20* 2.02 2.04 2.07 2.06 2.05 2.05 2.07 2.06 2.06 2.06 2.06 2.06 2.07 2.04 2.10 
Total ~ ~ 10.0...2.3. .99...B2. 29..u .99...93 ~ .1.!llLI..O. 1.IHl...36 1.llD.D2 1Jl.!2.1§. 10.0.M .1QMZ ~ 10.1..U 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.13 6.37 6.48 6.51 6.38 6.42 6.36 6.29 6.25 6.30 6.00 6.38 6.31 6.44 6.52 
Aliv 1.87 1.63 1.47 1.47 1.62 1.54 1.64 1.71 1.75 1.70 2.00 1.62 1.69 1.56 1.48 
Alvi 0.08 0.01 0.00 0.00 0.02 0.00 0.16 0.19 0.18 0.18 0.19 0.15 0.14 0.10 0.05 
Ti 0.39 0.27 0.25 0.23 0.27 0.26 0.13 0.14 0.16 0.15 0.27 0.13 0.13 0.18 0.17 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.53 0.73 0.83 0.66 0.67 0.70 1.18 1.25 1.21 1.20 0.68 1.15 1.22 1.06 1.06 
Fe2+ 1.00 0.83 0.59 0.72 0.76 0.82 0.54 0.56 0.56 0.56 0.77 0.56 0.54 0.63 0.47 
Mn 0.05 0.04 0.04 0.03 0.04 0.04 0.04 0.03 0.05 0.04 0.00 0.04 0.04 0.03 0.02 
Mg 2.96 3.12 3.33 3.38 3.25 3.21 2.95 2.82 2.84 2.87 3.09 2.97 2.93 2.99 3.23 
Ca 1.84 1.80 1.77 1.78 1.81 1.81 1.73 1.70 1.67 1.71 1.87 1.73 1.73 1.73 1.70 
Na 0.64 0.54 0.55 0.65 0.60 0.61 0.49 0.49 0.57 0.49 0.68 0.50 0.52 0.45 0.54 
K 0.17 0.21 0.13 0.18 0.17 0.17 0.10 0.1 0 0.11 0.10 0.17 0.10 0.10 0.13 0.11 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.64 17.55 17.46 17.61 17.58 17.58 17.32 17.28 17.35 17.31 17.72 17.33 17.34 17.31 17.34 
Appendix C3 C3-10 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
DA993948 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 EA044956 
Rim Core Core Core Core Core Core Core Rim Rim Rim Rim Rim Rim Rim 
Si02 43.32 44.44 40.18 41 .90 44.49 43.27 43.40 40.83 41.02 43.99 41 .30 40.76 44.25 41 .75 41.32 
Ti02 1.46 2.57 3.30 3.24 2.30 2.49 2.40 2.78 3.62 2.32 3.34 3.38 2.49 3.00 3.21 
Al203 10.74 8.36 13.19 10.70 8.47 9.26 8.96 12.19 11.04 9.08 12.03 13.20 9.22 11 .23 11 .96 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 10.20 5.49 5.36 4.72 6.34 5.64 6.07 6.17 7.73 5.65 5.52 5.39 7.13 4.26 5.76 
FeO 5.32 7.23 5.52 8.01 5.81 7.28 6.83 7.40 5.99 7.09 6.81 5.36 5.67 8.40 6.40 
MnO 0.43 0.40 0.12 0.00 0.31 0.36 0.32 0.18 0.23 0.33 0.11 0.00 0.30 0.20 0.13 
MgO 13.06 14.44 14.33 13.52 15.10 14.06 14.33 13.14 13.62 14.42 13.97 14.45 15.08 13.34 14.02 
Cao 10.97 11.40 11 .69 11 .15 11 .29 11.46 11.36 11 .46 11.01 11 .42 11.45 11 .56 11 .33 11 .39 11.34 
Na20 1.83 1.82 2.54 2.32 1.96 1.99 1.93 2.44 2.35 2.08 2.56 2.48 2.18 2.47 2.54 
K20 0.58 0.85 0.78 0.89 0.88 0.77 1.00 0.81 0.81 0.82 0.85 0.80 0.96 0.80 0.83 
H20* 2.05 2.04 2.04 2.01 2.04 2.02 2.02 2.03 2.03 2.04 2.05 2.05 2.07 2.02 2.04 
Total n..91 9.9...0.3. il..Q§ 9MZ 2U9. ~ ~ .9M3. ~ ~ 1.!2.ll.JlO. .9M3. 10.o.§Z n&§ ~ 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.33 6.55 5.91 6.24 6.53 6.42 6.43 6.04 6.05 6.47 6.05 5.96 6.40 6.20 6.07 
Aliv 1.67 1.45 2.09 1.76 1.46 1.58 1.57 1.96 1.92 1.53 1.95 2.04 1.57 1.80 1.93 
Alvi 0.17 0.00 0.20 0.11 0.00 0.04 0.00 0.17 0.00 0.04 0.13 0.23 0.00 0.17 0.14 
Ti 0.16 0.28 0.37 0.36 0.25 0.28 0.27 0.31 0.40 0.26 0.37 0.37 0.27 0.34 0.35 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 1.12 0.61 0.59 0.53 0.70 0.63 0.68 0.69 0.86 0.62 0.61 0.59 0.78 0.48 0.64 
Fe2+ 0.65 0.89 0.68 1.00 0.71 0.90 0.85 0.92 0.74 0.87 0.83 0.66 0.69 1.04 0.79 
Mn 0.05 0.05 0.01 0.00 0.04 0.05 0.04 0.02 0.03 0.04 0.01 0.00 0.04 0.03 0.02 
Mg 2.84 3.17 3.14 3.00 3.30 3.11 3.17 2.90 3.00 3.16 3.05 3.15 3.25 2.95 3.07 
Ca 1.72 1.80 1.84 1.78 1.78 1.82 1.80 1.82 1.74 1.80 1.80 1.81 1.76 1.81 1.78 
Na 0.52 0.52 0.73 0.67 0.56 0.57 0.55 0.70 0.67 0.59 0.73 0.70 0.61 0.71 0.72 
K 0.11 0.16 0.15 0.17 0.17 0.15 0.19 0.15 0.15 0.15 0.16 0.15 0.18 0.15 0.16 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.34 17.48 17.72 17.62 17.50 17.54 17.55 17.67 17.57 17.55 17.68 17.66 17.54 17.68 17.66 
Appendix C3 C3-1 1 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 DA993972 EA045009 
Core Core Core Core Core Core Core Rim Rim Rim Rim Rim Rim Rim Core 
Si02 43.07 42.89 40.37 41.40 43.99 44.21 42.97 42.63 44.77 43.61 43.55 42.06 42.48 39.87 42.17 
Ti02 3.05 3.36 2.05 2.56 2.89 3.03 3.41 3.31 2.94 2.96 3.00 2.09 3.32 2.14 1.80 
Al203 9.47 9.69 13.43 11.41 9.50 10.15 9.87 9.72 9.71 9.99 9.65 13.97 10.36 13.52 12.91 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe203 5.16 4.16 5.03 5.63 4.00 3.72 4.12 4.29 5.75 4.70 4.04 6.27 3.18 3.93 6.58 
FeO 6.83 7.64 7.15 6.70 6.61 6.61 7.20 7.25 4.99 7.11 7.47 6.18 9.52 8.80 6.59 
MnO 0.39 0.33 0.00 0.23 0.35 0.24 0.30 0.40 0.24 0.28 0.39 0.09 0.36 0.09 0.15 
MgO 14.70 14.54 13.71 14.25 15.29 14.88 15.00 14.64 16.16 15.03 14.81 14.50 13.62 13.25 13.56 
Cao 11.35 11 .43 12.05 11 .66 11.52 11 .19 11 .58 11 .56 11 .64 11.45 11.51 12.27 11.37 12.29 11 .70 
Na20 2.41 2.50 2.66 2.67 2.32 2.19 2.59 2.39 2.31 2.76 2.56 2.76 2.72 2.81 2.42 
K20 0.92 0.88 0.70 0.75 0.93 0.94 0.89 0.86 0.93 0.92 0.84 0.73 1.11 0.84 0.63 
H20* 2.04 2.04 2.03 2.03 2.05 2.06 2.05 2.03 2.1 0 2.07 2.05 2.11 2.03 2.02 2.07 
Total ~ ~ ~ iUO. ~ ~ ~ ~ 1.!l1M 1.QQ..8.9. .9.9...8Z ~ 100....ll.8. ~ 1.!l.ll...5§ 
#Oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Si 6.34 6.31 5.97 6.11 6.43 6.45 6.28 6.30 6.38 6.32 6.37 5.96 6.26 5.92 6.12 
Aliv 1.64 1.68 2.03 1.89 1.57 1.55 1.70 1.69 1.62 1.68 1.63 2.04 1.74 2.08 1.88 
Alvi 0.00 0.00 0.31 0.10 0.06 0.19 0.00 0.00 0.01 0.02 0.03 0.30 O.Q7 0.29 0.33 
Ti 0.34 0.37 0.23 0.28 0.32 0.33 0.38 0.37 0.31 0.32 0.33 0.22 0.37 0.24 0.20 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 . 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.57 0.46 0.56 0.63 0.44 0.41 0.45 0.48 0.62 0.51 0.45 0.67 0.35 0.44 0.72 
Fe2+ 0.84 0.94 0.88 0.83 0.81 0.81 0.88 0.90 0.60 0.86 0.91 0.73 1.17 1.09 0.80 
Mn 0.05 0.04 0.00 0.03 0.04 0.03 0.04 0.05 0.03 0.03 0.05 0.01 0.04 0.01 0.02 
Mg 3.22 3.19 3.02 3.14 3.33 3.23 3.27 3.22 3.43 3.25 3.23 3.06 2.99 2.93 2.94 
Ca 1.79 1.80 1.91 1.85 1.80 1.75 1.81 1.83 1.78 1.78 1.80 1.86 1.80 1.95 1.82 
Na 0.69 0.71 0.76 0.77 0.66 0.62 0.73 0.68 0.64 0.78 0.73 0.76 0.78 0.81 0.68 
K 0.17 0.16 0.13 0.14 0.17 0.17 0.17 0.16 0.17 0.17 0.16 0.13 0.21 0.16 0.12 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Total 17.65 17.68 17.80 17.75 17.63 17.54 17.72 17.67 17.58 17.72 17.69 17.76 17.78 17.92 17.62 
Si02 
Ti02 
Al203 
Cr203 
Fe203 
FeO 
MnO 
MgO 
cao 
Na20 
K20 
H20* 
Total 
#Oxygens 
Si 
Aliv 
Alvi 
Ti 
Cr 
Fe3+ 
Fe2+ 
Mn 
Mg 
Ca 
Na 
K 
OH* 
Total 
Appendix C3 
Electron-Microprobe (EDS) Analyses of Hornblende Phenocrysts 
EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 EA045009 
Core 
41.21 
2.01 
13.22 
0.00 
7.18 
5.91 
0.00 
13.58 
11.71 
2.23 
0.72 
2.05 
.9i.n. 
23 
6.03 
1.97 
0.31 
0.22 
0.00 
0.79 
0.72 
0.00 
2.96 
1.83 
0.63 
0.13 
2.00 
17.60 
Core 
44.10 
1.35 
10.89 
0.00 
9.66 
5.97 
0.32 
12.83 
10.22 
2.69 
0.31 
2.07 
~ 
23 
6.40 
1.60 
0.26 
0.15 
0.00 
1.05 
0.72 
0.04 
2.77 
1.59 
0.76 
0.06 
2.00 
17.40 
Core 
43.46 
1.46 
11.60 
0.00 
7.15 
4.23 
0.00 
15.34 
11.87 
2.14 
0.57 
2.08 
9.9...90. 
23 
6.28 
1.72 
0.25 
0.16 
0.00 
0.78 
0.51 
0.00 
3.30 
1.84 
0.60 
0.11 
2.00 
17.54 
Core 
42.03 
1.84 
12.94 
0.00 
8.23 
5.28 
0.10 
13.37 
11 .21 
2.28 
0.51 
2.06 
~ 
23 
6.12 
1.88 
0.34 
0.20 
0.00 
0.90 
0.64 
0.01 
2.90 
1.75 
0.64 
0.10 
2.00 
17.49 
Core 
42.81 
1.50 
11.68 
0.00 
6.03 
7.69 
0.00 
13.41 
11 .49 
2.50 
0.59 
2.04 
~ 
23 
6.28 
1.72 
0.30 
0.17 
0.00 
0.67 
0.94 
0.00 
2.93 
1.81 
0.71 
0.11 
2.00 
17.63 
Core 
42.79 
1.28 
11 .52 
0.00 
11 .32 
6.04 
0.29 
12.36 
10.81 
2.17 
0.65 
2.07 
1Jl1.2i 
23 
6.21 
1.79 
0.18 
0.14 
0.00 
1.24 
0.73 
0.04 
2.68 
1.68 
0.61 
0.12 
2.00 
17.41 
Rim 
42.04 
1.67 
12.78 
0.00 
6.59 
6.97 
0.08 
13.51 
11.83 
2.46 
0.59 
2.06 
1a2..5Z 
23 
6.12 
1.88 
0.31 
0.18 
0.00 
0.72 
0.85 
0.01 
2.93 
1.84 
0.69 
0.11 
2.00 
17.65 
Rim 
41.12 
1.83 
13.41 
0.00 
6.54 
7.27 
0.09 
12.69 
11 .70 
2.19 
0.64 
2.04 
~ 
23 
6.05 
1.95 
0.38 
0.20 
0.00 
0.72 
0.90 
0.01 
2.78 
1.84 
0.63 
0.12 
2.00 
17.59 
Rim 
41 .43 
1.89 
13.36 
0.00 
7.58 
6.04 
0.00 
13.53 
11.86 
2.25 
0.63 
2.06 
1M.§a 
23 
6.02 
1.98 
0.30 
0.21 
0.00 
0.83 
0.73 
0.00 
2.93 
1.84 
0.63 
0.12 
2.00 
17.60 
Rim 
42.08 
1.69 
13.05 
0.00 
6.97 
7.07 
0.12 
13.05 
11 .70 
2.31 
0.60 
2.06 
10.Q..§i 
23 
6.12 
1.88 
0.35 
0.1 8 
0.00 
0.76 
0.86 
0.01 
2.83 
1.82 
0.65 
0.11 
2.00 
17.58 
Rim 
41.77 
1.48 
12.51 
0.00 
6.85 
8.58 
0.12 
12.20 
11 .37 
2.60 
0.54 
2.04 
1.IHLlll 
23 
6.15 
1.85 
0.33 
0.16 
0.00 
0.76 
1.06 
0.01 
2.68 
1.79 
0.74 
0.10 
2.00 
17.64 
Rim 
40.92 
1.91 
13.21 
0.00 
6.56 
6.44 
0.00 
13.35 
11 .69 
2.29 
0.72 
2.03 
.9.9.J.1 
23 
6.04 
1.96 
0.33 
0.21 
0.00 
0.73 
0.79 
0.00 
2.93 
1.85 
0.65 
0.14 
2.00 
17.64 
Rim 
41.43 
1.70 
13.07 
0.00 
6.96 
7.12 
0.00 
12.84 
11.42 
2.47 
0.59 
2.04 
.9i..63. 
23 
6.09 
1.91 
0.35 
0.19 
0.00 
0.77 
0.87 
0.00 
2.81 
1.80 
0.70 
0.11 
2.00 
17.61 
C3-12 
Appendix C4 C4-1 
Groundmass and Whole-Rock Compositions Used for Magmatic Water Calculations 
Whole-RQ~k ComgQsition~ 
Sample EA043207 EA049678 EA043206 EA043212 EA043214 EA043204 EA045002 EA046389 DA99394l! DA993972 EA044956 EA045009 EA043799 
Si02 57.03 60.18 58.49 62.94 62.64 67.04 60.75 59.43 58.14 57.55 64.76 65.50 58.16 
Ti02 0.61 0.66 0.68 0.55 0.56 0.33 0.73 0.75 0.56 0.70 0.45 0.45 0.77 
Al203 16.34 i6.14 16.69 17.10 17.80 17.03 16.65 16.91 15.03 18.45 16.02 17.64 16.80 
Fe203 2.35 2.02 2.05 1.75 1.75 1.41 2.48 2.48 2.41 2.40 1.44 -n~8- 2.30 
FeO 3.31 2.84 2.88 2.46 2.46 1.98 3.50 3.49 3.39 3.38 2.03 1.80 3,Z4 
MnO 0.10 0.11 0.11 0.10 0.09 0.12 0.13 0.13 0.14 0.15 0.10 0.06 0.09 
MgO 4.65 3.87 2.37 1.83 2.04 1.06 3.45 3.53 4.77 2.34 1.46 1.07 3.01 
Cao 6.95 5.13 5.45 5.01 5.48 4.62 6.23 6.46 4.44 5.21 3.95 4.64 6.19 
Na20 3.84 4.47 4.20 4.65 4.92 4.20 4.09 4.05 4 .32 4.23 4.14 4.81 4.20 
K20 1.81 2.78 2.78 2.93 1.84 2.11 1.99 1.96 0.81 2.25 3.28 1.98 2.32 
P205 0.27 0.28 0.26 0.28 0.26 0.22 0.25 0.24 0.16 0.28 0.18 0.19 0.32 
Total 96.98 98.20 95.69 99.32 99.58 99.89 100.24 99.42 94.15 96.94 97.80 99.42 97.40 
Fe203 and FeO recalculated so that Fe2• I (Fe2• + Fe" )= 0.61 (For rocks with f02 = NNO + 2.5) 
Average Groundma~~ Comgositions 
Sample EA043207 EA049678 EA043212 EA04320• EA043214 EA046389 EA045009 EA045002 EA043799 
n=11 n=12 n=11 n=12 n=12 n=9 n=9 n=7 n=6 
SI02 61 .04 67.89 71 .63 73.44 67.81 73.73 73.15 73.24 67.76 
TI02 0.37 0.32 0.14 0.13 0.35 0.18 0.25 0.24 0.52 
Al203 18.37 16.15 15.68 15.35 17.26 14.60 14.98 14.30 16.45 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 2.39 1.20 0.40 0.47 1.23 0.64 0.94 0.91 1.52 
Fe203 1.70 0.86 0.29 0.34 0.87 0.46 0.67 0.65 1.08 
MnO 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
MgO 4.04 2.26 0.11 0.26 0.90 0.09 0.05 0.49 0.59 
Cao 3.96 1.98 1.55 2.42 3.70 2.26 2.14 2.29 3.23 
Na20 5.34 4 .50 4.86 4.67 5.42 3.95 4.69 3.97 4.55 
K20 2.80 4.85 5.33 2.91 2.46 4.09 3.13 3.91 4.30 
Total 100 100 100 100 100 100 100 100 100 
Fe203 and FeO recalculated so that Fe2• I (Fe2• + Fe' +i = 0.61 (For rocks with f02 = NNO + 2.5) 

Appendix CS CS-1 
Laser Ablation /GP-MS Trace-Element Data (ppm) in Zircon Grains from Whole-Rock Samples 
Sr Eu(II) La Ce Pr Nd Sm Eu(III) Gd Tb Dy Ho Er Tm Yb Lu Hf Zr u Th 
EA043212-Tl 0.24 1.12 0 9.96 0.08 1.7 3.57 1.12 17.61 5.26 64.42 23.62 113.5 24.73 261.37 49.51 8937 74489 72.41 52.98 
EA043212-T2 0.23 2.41 0.o7 29.92 0.29 4.91 7.72 2.41 40.28 12.04 156.12 59.31 285.31 59.94 626.13 123.83 10017 97638 178.75 154.32 
EA043212-T3 0.52 1.31 0.04 8.55 0.09 1.63 3.35 1.31 16.98 5.15 63.58 23.40 112.94 24.07 251.03 48.29 8064 73801 53.49 41.59 
EA043212-T4 0.23 0.71 0.01 6.96 0.05 0.79 1.48 0.71 7.49 2.42 32.52 13.58 74.23 17.76 211.81 44.42 7048 74191 57.69 33.91 
EA043212-T5 0.25 1.16 O.Ql 9.59 0.1 I 2.04 3.93 1.16 18.40 5.61 67.40 24.96 120.24 26.04 271.30 52.65 8489 74433 61.51 48.29 
EA043212-T6 1.06 0.35 0.13 6.15 0.05 0.46 0.94 0.35 5.42 1.83 24.68 9.74 51.37 11.93 130.22 27.53 8605 72574 34.58 18.54 
EA043212-T7 0.27 1.15 O.Q2 8.80 0.12 2.07 3.49 1.15 15.94 5.03 63.89 24.46 120.41 26.77 289.03 55.38 8305 74673 64.66 51.82 
EA043212-T8 2.16 l.25 0.06 8.53 0.10 1.89 3.52 1.25 16.96 5.19 64.27 24.11 117.37 25 .52 263.99 50.74 7970 72990 66.49 53.75 
EA043212-T9 0.22 0.40 0.02 4.47 0.02 0.36 0.84 0.40 4.70 1.50 19.90 7.81 41.13 9.77 115.16 23.52 8224 77833 30.94 16.19 
EA043212-T10 0.93 1.45 0.43 11.03 0.36 4.08 5.20 1.45 21.84 6.68 83.52 32.22 158.16 34.20 361.57 70.50 8173 76246 82.97 69.81 
EA043212-Tll 0.58 1.47 0.15 9.97 0.21 3.17 4.91 1.47 20.51 6.09 74.42 27.45 130.83 27.67 290.81 56.26 7875 74807 61.19 47.51 
EA043212-T12 0.22 0.67 0.01 6.54 0.06 1.00 1.86 0.67 9.22 2.98 38.45 14.93 75.30 17.10 186.57 37.06 8238 75504 36.97 22.31 
EA043212-Tl3 0.23 0.43 0.02 7.65 0.03 0.50 1.08 0.43 6.19 2.13 28.73 11.38 58.99 13.73 152.00 30.35 8451 74844 49.15 25.81 
EA049678-Tl 0.40 0.78 0.11 8.28 0.o7 I.JO 2.28 0.78 11.83 3.69 45.27 17.15 83.44 18.31 194.03 37.50 8076 74775 40.92 29.79 
EA049678-T2 0.36 0.80 0.o7 9.32 0.08 1.30 2.37 0.80 11.93 4.01 52.76 21.71 115.88 26.40 296.80 60.58 7788 74647 64.81 38.49 
EA049678-T3 0.32 1.45 0.02 11.59 0.20 3.14 4.68 1.45 21.27 6.83 90.02 36.42 186.46 40.99 438.39 87.10 7590 75004 106.68 89.71 
EA049678-T4 3.75 0.33 1.37 10.04 0.42 2.24 1.17 0.33 5.32 1.76 22.80 8.93 45.38 10.32 117.08 23.03 8333 70367 30.78 17.57 
EA049678-T5 0.19 0.53 0.03 6.37 0.05 0.88 1.77 0.53 8.06 2.50 30.76 11.47 56.49 12.58 138.90 27.34 7944 74301 34.35 21.66 
EA049678-T6 0.16 0.29 0.00 5.29 0.02 0.43 0.86 0.29 4.45 1.51 19.60 7.64 39.29 9.11 105.25 20.01 8720 75998 28.29 12.80 
EA049678-T7 0.39 0.76 O.Ql 6.03 0.o7 1.14 1.92 0.76 8.65 2.67 32.86 12.39 62.84 14.39 163.18 32.99 7952 75917 40.02 25.03 
EA049678-T8 0.82 0.93 0.19 7.79 0.16 1.95 2.82 0.93 13.46 4.16 52.44 20.17 101.57 22.64 250.12 48.52 8093 76212 61.45 43 .79 
EA049678-T9 0.20 0.79 0.01 6.89 O.Q9 1.66 2.75 0.79 I 1.84 3.51 42.21 15.45 75.17 16.50 176.91 34.55 8689 76536 41.14 28.42 
EA049678-Tl0 0.58 0.36 0.1 6.89 0.06 0.66 1.21 0.36 6.11 2.04 26.88 10.57 53.72 12.73 146.15 27.85 9316 75940 42.09 18.86 
EA049678-Tll 0.34 0.87 0.01 8.53 0.o7 1.45 2.65 0.87 12.99 4.01 49.73 18.74 94.8 20.95 231.8 45.22 8873 83503 47.54 31.13 
EA049678-T12 0.37 0.58 0.03 8.69 0.05 0.87 1.77 0.58 8.86 2.72 33.I I 12.21 58.79 12.95 138.8 26.79 8139 75564 50.21 34.38 
EA049678-Tl3 0.41 0.58 0.14 6.18 0.09 0.83 1.25 0.58 6.35 2.10 28.44 I 1.63 63.22 15.49 184.16 39.68 7618 75937 48 .90 25.85 
EA043207-Tl 2.21 1.03 0.10 11.93 0.13 1.86 2.95 1.03 12.89 3.86 47.35 17.47 87.26 19.31 211.68 41.99 8079 71770 57.29 48.63 
EA043207-T2 0.56 1.46 0.54 19.14 0.34 3.72 4.91 1.46 21.87 6.49 80.43 29.57 143.93 31.05 333.86 63.39 8457 77308 78.12 63 .65 
EA043207-T3 0.42 1.20 0.25 12.85 0.19 2.56 3.67 1.20 16.17 4.73 57.59 21.06 103.27 22.37 237.11 46.64 7583 75559 43 .09 35.24 
EA043207-T4 0.25 1.59 0.04 14.47 0.13 2.56 4.91 1.59 22.34 6.37 74.65 26.64 125.28 25.88 268.48 51.14 8221 77369 51.22 49.87 
EA043207-T5 0.00 0.95 0.01 I 1.13 0.05 I.JO 2.49 0.95 13.02 3.82 46.19 17.02 82.02 17.69 188.77 36.93 7901 75428 38.82 30.67 
EA043207-T6 0.21 1.15 0.01 I 1.75 0.11 2.07 3.45 1.15 15.37 4.47 53.83 19.72 96.07 20.84 226.67 43.87 8158 75274 51.81 42.52 
EA043207-T7 0.58 1.38 0.02 13.96 0.13 2.28 4.17 1.38 19.41 5.74 68.74 25 .23 119.94 25.65 273.02 51.54 8225 75029 59.29 51.31 
EA043207-T8 0.26 0.98 0.02 12.81 0.10 1.81 2.73 0.98 12.13 3.51 43 .22 16.45 84.64 19.58 223.29 44.96 8199 77396 61.87 41.72 
EA043207-T9 0.57 1.06 0.30 11.77 0.22 2.84 4.23 1.06 14.09 6.04 46.85 16.89 81.31 17.47 181.59 36.07 6325 56925 33.49 30.42 
EA043207-T10 0.21 1.38 0.00 11.30 0.08 1.75 3.62 1.38 17.00 4.80 56.50 20.35 97.28 20.97 224.69 44.11 8051 77099 46.81 40.28 
EA043207-Tll 0.28 1.43 0.10 14.53 0.1 8 2.75 4.10 1.43 16.30 4.63 54.92 20.19 98.84 22.24 241.18 47.17 7594 77242 55.88 44.68 
EA043207-Tl2 0.33 2.07 0.06 13.46 0.26 4.15 6.06 2.07 26.04 7.37 88.97 32.97 156.16 33.50 351.10 66.95 7849 75729 77.19 71.04 
EA043207-Tl3 0.37 2.21 0.05 19.81 0.33 5.00 6.81 2.21 31.42 9.44 116.22 44.44 216.29 45.84 475.80 91.36 7593 76562 111.20 109.10 

Appendix CS C5-2 
Laser Ablation /GP-MS Trace-Element Data (ppm) in Zircon Grains from Whole-Rock Samples 
Sr Eu(II) La Ce Pr Nd Sm Eu(III) Gd Tb Dy Ho Er Tm Yb Lu Hf Zr u Th 
EA043206-Tl 0.24 1.04 0.02 8.56 0.12 2.15 3.75 l.04 17.20 5.19 63.45 23 .10 108.99 22.99 240.22 44.54 8045 75343 53.73 44.01 
EA043206-T2 0.72 l.00 0.48 8.84 0.23 2.3 1 3.24 l.00 15.98 4.94 62.41 23.20 113.88 24.15 252.7 1 47.69 8662 74758 62.14 48.25 
EA043206-T3 0.21 1.00 O.Ql 8.33 0.08 l.6 1 3.17 l.00 15.96 4.85 59. ll 21.53 103.01 21.77 226.14 42.28 8103 73263 50.68 43 .33 
EA043206-T4 0.94 0.36 0.15 5.72 0.06 0.66 l.07 0.36 5.94 l.93 25.04 9.69 49.06 10.99 121.65 23 .07 8304 75119 27.07 15.68 
EA043206-TS 0.25 l.27 0.03 8.51 0.13 2.40 4.03 l.27 18.33 5.45 65.33 23 .62 11 2.77 23.82 249.33 46.44 8002 74599 48.07 38.26 
EA043206-T6 0.37 0.95 0.01 7.83 0.11 1.97 3.25 0.95 14.71 4.38 54 20.63 104.2 23.08 249.08 49.1 8833 75696 59.41 42.48 
EA043206-T7 0.26 1.72 0.02 11.24 0.24 3.84 5.63 l.72 23.88 7.1 86. 14 31.67 150.83 31.9 330.02 62.61 7884 74982 68.38 64.98 
EA043206-T8 0.52 0.38 0.01 6.59 0.02 0.52 l.29 0.38 7.35 2.53 33.95 13.3 68.67 15.6 173.28 33.9 9420 75077 49. 16 26. 16 
EA043206-T9 0.19 0.56 0.00 6.14 0.04 0.73 1.72 0.56 9.38 3.06 39.03 14.78 72.48 16.03 174.32 32.61 8658 75 11 9 38.45 26.68 
EA043206-TIO 0.21 0.93 0.01 8.52 0.09 l.78 3.26 0.93 16.05 4.90 59.84 21.77 102.75 21.47 22 1.15 42.47 8506 74540 44.47 37.60 
EA043206-Tll 0.21 0.58 0.00 6.90 0.04 0.81 l.69 0.58 8.96 2.89 36.92 14.10 70.85 15.94 172.10 34.90 8515 77940 45.l l 27.21 
EA043206-T12 0.29 0.86 0.09 7.24 0.11 1.55 2.69 0.86 13.09 4.01 50.22 18.73 93.22 20.58 219.42 43 .89 7925 76133 49.82 37.56 
EA043206-T13 0.20 0.54 0.00 8.06 0.03 0.63 1.74 0.54 l l.23 3.76 49.50 18.92 93.77 20.23 213.80 40.90 8960 76381 44. 15 34.45 
EA043700-Tl 5.87 1.16 0.05 7.96 0.06 1.20 l.74 1.16 7.85 2. 18 25.84 9.40 47.82 ll.64 149.15 26.l l 6198 61335 43.18 21.05 
EA043700-T2 1.00 0.44 0.04 9.02 0.03 0.48 0.86 0.44 4.20 l.30 16.42 6.52 35.93 9.09 11 5.05 25.73 8436 74708 54.69 28.59 
EA043700-T3 6.20 0.40 0.13 7.5 1 0.05 0.58 0.76 0.40 3.60 l.07 13.63 5.42 29.65 7.47 96.00 21.19 7719 68565 42.55 20.72 
EA043700-T4 9.67 0.67 0.96 2.54 0.23 1.92 2.65 0.67 4.91 5.98 9.05 3.18 16.04 3.87 41.43 9.35 1634 16731 10.84 6.66 
EA043700-TS 18.22 1.28 2.51 33.82 2.50 11.24 3.71 l.28 10.12 2.75 32.17 l l.89 60.80 14.12 173 .56 33.41 7723 69084 84.82 55.38 
EA043700-T6 0.33 0.28 0.03 8.99 0.02 0.29 0.55 0.28 2.93 0.94 12.37 4.91 26.65 6.59 82.74 18.19 8852 76516 51. 10 23.81 
EA043700-T7 0.36 0.62 0.03 9.31 0.03 0.66 l.27 0.62 6.66 2.1 1 26.42 10.34 54.06 13.06 155.35 33.71 9103 77491 58.87 38.15 
EA043700-T8 13.80 1.34 0.39 24.17 0.14 1.61 2.98 l.34 13.97 4.10 51.62 19.24 99.25 23.92 291.86 54.61 9596 68463 164.20 109.70 
EA043700-T9 1.72 0.85 0.08 10.61 0.06 0.78 1.59 0.85 9.76 3.26 43.72 17.67 93.90 22.12 254.56 56.46 7340 71117 102.04 73.58 
EA043700-TIO 64.24 1.15 0.85 17.74 0.26 1.93 2.13 1.15 8.21 2.51 31.l l 11.77 59.50 15.49 215.52 34.68 6098 60779 104.84 53.37 
EA043214-Tl 0.41 0.74 0.09 22.66 0.05 0.73 l.56 0.74 10.93 4.02 58.22 24.71 138.28 33.91 405.73 89.70 9324 73507 303.53 206.44 
EA043214-T2 0.29 0.61 0.03 14.77 0.03 0.48 1.23 0.61 8.52 3.25 48.42 21.44 122.85 31.29 380.68 85.34 9166 75350 186.58 95.35 
EA043214-T3 1.53 0.66 0.13 14.14 0.06 0.69 l.35 0.66 8.33 3.08 46.04 20.38 117.76 30.21 387.76 89.16 9578 71867 647.95 232.22 
EA043214-T4 0.63 0.71 0.14 8.50 0.05 0.73 1.67 0.71 9.87 3.51 49.41 20.42 109.82 26.19 296.21 59.89 9500 76152 125.71 36.65 
EA043214-TS 0.47 0.77 0.1 8.79 0.06 0.78 1.42 0.77 8.42 3.05 44.18 18.67 103.88 25.54 311.76 64.78 7617 72925 97.56 44.9 
EA043214-T6 0.57 0.75 0.24 12.25 O.o7 0.84 l.51 0.75 9.09 3.31 47.24 20.25 113.57 28.19 345.32 75.48 8519 72693 159.03 89.58 
EA043214-T7 0.57 0.62 0.06 5.59 0.05 0.75 1.29 0.62 6.85 2.27 31.49 12.76 69.81 17.19 209.66 44.9 8368 74482 59.36 25.36 
EA043214-T8 0.72 l.51 0.04 35.20 0.08 1.59 3.71 1.51 23.22 7.87 108.24 45 .18 250.58 61.83 769.38 166.66 10952 73075 690.62 290.78 
EA043214-T9 0.98 0.70 0.06 7.09 0.05 0.73 1.40 0.70 7.68 2.65 38.05 15.72 87.82 22.05 276.56 58.56 7975 72218 97.17 39.14 
EA043214-T10 l.05 1.06 0.39 10.66 0.16 1.55 2.12 l.06 12.05 4.14 56.99 23.50 128.06 30.79 364.47 79.37 7704 74058 108.44 70.04 

Appendix C6 C6-1 
SO 3 and Cl contents of Apatite Microphenocrysts by WDS Electron-Microprobe 
Sample No. P205 CAO YB203 503 CL TOTAL 
wt.% wt.% wt.% wt.% wt.% 
EA049678 40.93 54.25 0.00 0.44 2.39 98 
EA049678 41.89 53.95 0.00 0.27 1.89 98 
EA049678 40.69 54.69 0.03 0.47 2.12 98 
EA049678 40.95 54.37 0.00 0.2 2.48 98 
EA049678 40.84 53.87 0.03 0.6 2.66 98 
EA049678 40.57 54.55 0.00 0.38 2.5 98 
EA049678 40.56 55.07 0.00 0.41 1.96 98 
EA049678 41 .19 53.62 0.00 0.53 2.66 98 
EA043214 42.12 55.21 0.00 0.15 0.52 98 
EA043214 41.12 56.26 0.00 0.44 0.18 98 
EA043214 42.02 55.2 0.00 0.37 0.4 98 
EA043214 41.86 55.58 0.00 0.38 0.18 98 
EA043214 41.91 55.66 0.00 0.09 0.34 98 
EA043214 41.55 55.66 0.00 0.46 0.33 98 
EA043214 42.04 55.08 0.00 0.51 0.36 98 
EA043214 42.6 54.51 0.00 0.5 0.39 98 
EA043206 41 .42 54.2 0.00 0.46 1.92 98 
EA043206 41.23 54.3 0.00 0.54 1.93 98 
EA043206 41.08 54.48 0.00 0.64 1.81 98 
EA043206 41.46 54.1 5 0.00 0.48 1.91 98 
EA043206 41 .38 54.04 0.00 0.56 2.03 98 
EA043206 41.64 53.7 0.00 0.39 2.27 98 
EA043204 43.02 54.46 0.00 0.18 0.34 98 
EA043204 43.56 54.06 0.00 0.09 0.3 98 
EA043228 42.71 54.35 0.36 0.04 0.55 98 
EA043228 42.64 54.87 0.18 0.05 0.26 98 
EA043228 42.94 54.47 0.13 0.05 0.41 98 
EA043228 42.59 54.79 0.17 0.06 0.39 98 
EA043228 42.01 54.77 0.18 0.7 0.34 98 
EA043228 42.71 54.84 0.16 0.04 0.25 98 
EA043228 42.93 54.55 0.19 0.28 0.05 98 
EA043228 42.5 54.35 0.02 1.12 0 98 
EA045026 42.81 53.21 0.25 0.55 1.17 98 
EA045026 42.53 53.89 0.27 0.43 0.87 98 
EA045026 42.19 54 0.26 0.48 1.07 98 
EA045026 42.42 53.81 0.24 0.41 1.12 98 
EA045026 42.22 53.76 0.26 0.46 1.29 98 
EA045026 42.45 53.89 0.26 0.53 0.87 98 
EA045026 42.24 53.71 0.27 0.53 1.25 98 
EA045026 42.45 54.19 0.26 0.24 0.85 98 
EA043212 42.58 53.55 0.17 0.64 1.06 98 
EA043212 42.26 54.21 0.08 0.44 1.01 98 
EA043212 41.88 54.16 0.12 0.61 1.23 98 
EA043212 42.14 54.35 0.09 0.37 1.05 98 
EA043212 42.27 54.14 0.11 0.3 1.17 98 
EA043212 42.27 54.01 0.12 0.42 1.18 98 
EA043212 42.29 53.98 0.21 0.39 1.13 98 
EA043212 42.14 54.41 0.10 0.48 0.87 98 
EA044855 41.85 55.27 0.00 0.88 0 98 
EA044855 42.33 55.03 0.00 0.64 0 98 
EA044855 42.41 55.32 0.00 0.28 0 98 
EA044855 42.43 55.06 0.00 0.51 0 98 
EA044855 42.32 54 0.70 0.98 0.01 98 
EA044855 42.55 54.77 0.02 0.67 0 98 
Samples are normalised to 98% Assuming 2% fluorine 

APPENDIX D 
(Chapter 7) 
Thermal Constraints on Magma Chamber Longevity 
Program Description for Kware HEAT Version 4.03.0131* 
Magma Chamber Thermal Models 1-4 
Model cooling increments, recharge episodes and 
magma chamber temperatures 

01-1 
KWare HEAT 4.03.0131 *Program Description 
Reproduced.from the "Program.Description" in the Program Help Menu. 
Built around solution of conservation of energy (often expressed as Fick's second law of diffusion) 
by finite differencing, HEAT is a user interface that allows design of a computational mesh 
representing rock geometry, properties, and magma body emplacement. The following text gives 
some more background. 
The original version of HEAT was a FORTRAN program described in the book "Volcanology and 
Geothermal Energy" by K. Wohletz and G. Heiken (University of California Press, 1991, 432 
pages). Generally following the solution scheme described in Appendix E of that book, this version 
of HEAT has a number of improvements. 
HEAT is a graphically interfaced application written for a PC running Microsoft Windows TM. 
Designed to study 2-D, transient thermal regimes in and around volcanic and magmatic intrusions, 
HEAT models a variety of geologic structures and rock properties and their effect on both 
conductive and convective heat flow. The graphical interface is readily used to develop and tailor the 
simulation to represent most geological conditions of magma intrusion and geological structure. 
Calculated thermal regimes are color encoded and updated in graphical display with each update 
stored as a file for future playback. This modelling goes well beyond that done by analytical solution 
of 1-D linearized expressions of thermal diffusion in that it calculates the nonlinear effects of 
heterogeneous media, temporal, spatial, and thermally varying properties. As with most geophysical 
modelling, the results of these calculations are not mathematically unique for inversion applications. 
However, the geological constraints applied from the first part of this study will greatly reduce the 
number of simulations that might satisfactorily fit observations. 
This modelling goes well beyond that done by analytical solution of 1-D linearized expressions of 
thermal diffusion in that it calculates the nonlinear effects of heterogeneous media, temporal, spatial, 
and thermally varying properties. HEAT employs an explicit finite differencing scheme rather than 
an alternating direction implicit one in order to insure that the original differential equation solved is 
exactly reproduced by the finite difference equation when time and spatial steps are infinitesimal. 
Truncation errors that might evolve when using very short time steps are minimized by utilizing 
double precision. Continuous thermal gradients are assigned along the boundaries and initial 
conditions use a designated regional thermal gradient. Latent heats of fusion/crystallization are 
solved for all rocks including magma where temperatures are in that range. Convective heat transfer 
in the magma is calculated as a function of temperature and composition; convective heat transfer in 
fluid saturated rocks is approximated by Nusselt number. New magmas may be introduced into the 
calculational mesh at any time during the simulation. All rock/magma properties are assigned by the 
user and they include: density, porosity (fluid saturation), heat capacity, initial temperature, spatially 
and thermally varying thermal conductivities, and location. As mentioned earlier, the code has been 
applied to several geologic areas to test its suitability. A version of heat has been adapted for 
laboratory rock melting experiments involving thermal variations of rocks melted by a moving hot 
molybdenum probe. Results thus far have shown the method predicts measured temperatures with 
enough accuracy to make engineering designs based on it. 

Appendix 02 02-1 
Thermal Models of Magma Chamber Cooling 
Model Time Lower Crustal Chamber Sub-Volcanic Crustal Chamber 
1 Myr (Ma) (Myr) Max. Min. Recharge Max. Min. Recharge Recharge 
Step from Temp. Temp. Volume Temp. Temp. Volume Temp. 
start oc oc km3 oc oc km3 oc 
. __ i _____ i -------- __ ._L _____ J_ ___ _ 
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Time 
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start 
Appendix 02 02-2 
Thermal Models of Magma Chamber Cooling 
Lower Crustal Chamber Sub-Volcanic Crustal Chamber 
Max. Min. Recharge Max. Min. Recharge Recharge 
Temp. Temp. Volume Temp. Temp. Volume Temp 
°C °C km3 °C °C km3 0 c 

Appendix 02 02-3 
Thermal Models of Magma Chamber Cooling 
Model Time Lower Crustal Chamber Sub-Volcanic Crustal Chamber 
2 Myr (Ma) (Myr) Max. Min. Recharge Max. Min. Recharge Recharge 
Step from Temp. Temp. Volume Temp. Temp. Volume Temp 
start oc oc km3 oc oc km3 oc 
! ! I 
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Appendix 02 02-4 
Thermal Models of Magma Chamber Cooling 
Model Time Lower Crustal Chamber Sub-Volcanic Crustal Chamber 
1--~--+~-"'---l--"'-----+-~--'-+-~~~~~~~~~~1--~~~~~r-~~~-..~~~~--1 
2 Myr Max. Min. Recharge Max. Min. Recharge Recharge 
ctd from Temp. Temp. Volume Temp. Temp. Volume Temp. 
,....._S~t-e~ ..... start °C °C km3 °C °C km3 0 c 

Appendix 02 02-5 
Thermal Models of Magma Chamber Cooling 
Sub-Volcanic Crustal Chamber 
3 Myr (Ma) (Myr) Max. Min. Recharge Max. Min. Recharge Recharge 
1-----l 
Step from Temp. Temp. Volume Temp. Temp. Volume Temp. 
start °C °C km 3 °C °C km 3 °C 
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Ar;mendix 02 02-6 
Thermal Models of Magma Chamber Cooling 
Model Time Lower Crustal Chamber Sub-Volcanic Crustal Chamber 
3 Myr Max. Min. Recharge Max. Min. Recharge Recharge 
ctd from Temp. Temp. Volume Temp. Temp. Volume Temp. 
Ste start oc oc km3 oc oc km3 oc 

Appendix 02 02-7 
Thermal Models of Magma Chamber Cooling 
Model Time Lower Crustal Chamber Sub-Volcanic Crustal Chamber 
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A1212endix 02 02-8 
Thermal Models of Magma Chamber Cooling 
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ctd from Temp. Temp. Volume Temp. Temp. Volume Temp. 
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APPENDIX E 
(Chapter 8) 
Deposit Mineralogy 
Alteration and sulphide mineralogy of selected thin-sections 

Appendix E E1-0 
Legend for thin-section mineralogy 
Mineral Field Alteration Descriptor 
Al Al unite cHsi-cy Clotted hydrothermal silica-clay alteration 
Anh Anhydrite DI Diorite 
Bn Bo mite fg-Vbx * Fine-grained volcanic breccia 
Bt Biotite fmg-Vbx * Fine- to medium-grained volcanic breccia 
Ca Calcite Hcy-si Hydrothermal clay-silica alteration 
Cc Chalcocite Hsi Hydrothermal silica (> 90%) 
Chi Chlorite Hsi(bx) Hydrothermal silica (after hydrothermal breccia) 
Co Covellite Hsi-cy Hydrothermal silica-clay alteration 
Col Colusite Hsi-cy(bx) Hydrothermal silica-clay {after hydrothermal breccia) 
Cp Chalcopyrite mg-Vbx * Medium-grained volcanic breccia 
Cy Clay pDI Porphyritic diorite 
Dg Digenite pHsi-cy Porphyritic hydrothermal silica-clay alteration 
Di Diaspore pla Porphyritic andesite 
Dk Dickite vu Hsi Vuggy hydrothermal silica (> 90% silica) 
En Enargite vuHsi(bx) Vuggy silicified breccia (> 90% silica) 
Ep Epidote * Breccia with volcanic clasts - breccia of likely hydrothermal origin. 
Gd Goldfieldite 
Gn Galena 
Gy Gypsum 
Hb Hornblende a#b Exsolution texture between mineral phases "a" and "b" 
He Hematite a>b Mineral phase "b" replaces phase "a" 
Id ldaite 
It llite 
K Kaolinite 
Kf K-Feldspar 
Lu Luzonite 
Mo Molybdenite 
Mt Magnetite 
Mw Mawsonite 
Ph Pyrophyllite 
Pl Plagioclase 
Px Pyroxene 
Py Pyrite 
Qtz Quartz 
Rt Rutile 
(rt) (subsidiary rutile) 
Se Seri cite 
Si Silica 
Sp Sphalerite 
Sulph Sulphide 
tt-tn Tetrahedrite-tennantite 
Zr Zircon 
Appendix E E1-1 
Alteration and sulphide mineralogy, vein mineralogy, vug paragenesis and sulphide equilibrium-disequilibrium associations 
Argllllc Alteration I Post 
Mineral 
OOH Depth Sample Alt. Style Perv. Alt. Min. Primary Mlnoralo, IY Secondary Mineralogy Porphyn Veins Hlgh-Sulphldatlon Veins Veins 
Pl Hb Mt Kl Bt Px OtzPh/D DklK Al Seil Rt Cy Chi Ep Cal Anh He Mt Py Bl Zr OtzlMt He Chi Se Ant Ca Mo Py Bn Cp Sp Gn Qtz Ph/Di Dk/K Se/It Al En Lu B n~ ·~ · Cc Mo Co CoMw tt-tn DklK Gv 
% % % % % % % 1 % % % % % % % % % % % % % % % I I I 
26 131.4 DA993710 pla Ph?-11?-Si-Chl 20 170? 70? 1 6 I I 
26 63.8 DA993703 fg-Vbx Hey-SI 10 30 ! 5 
26 85.15 DA993706 mg-Vbx Se/It-SI 10 I 25 I 
Hlgh·Sulphldatlon Mlneralleatlon 
I and Advanced Argllllc Alteration 
DA993601 vuHsi(bx) Si-( rt) 
18 76 DA993602 vuHsi(bx) Si-( rt) 97 1 tr 
"'""" 18 74.1 DA993603 Hsk:y SI-Ph/DI 95 1 2 .~ .. 
18 B0.8 DA993605 vuHsi(bx) Si-( rt) 45 8 2 
II 
L··· 
18 91 .85 Hsi(bx) DI-Dk-Al 92 3 2 1 
•-18 104.2 DA993606 Hsi(bx) Sl-Ph/Di-(rt) 89 3 1 2 1 e--1 
18 111 DA993607 cHsi-cy Sl-Ph/Dl·(al,rt) 85 10 1 2 1 
18 113.6 DA993608 Hsk:y Si-Ph/Di-(al ,rt) 60 30 4 3 1 , .. 
18 115.3 DA993609 Hsi(bx) Si-( rt) 93 3 2 
: I~~ ~I 18 188.6 DA993610 Hsi Si-Ph/Dl-(rt) 88 2 2 1 18 117.4 DA993611 Hsi(bx) Si-( rt) 89 4 tr 1 18 116.3 DA993612 Hsi(bx) Sl-Ph/Dl·(rt) BO 8 4 1 
18 118.5 DA993613 Hsi(bx) Si-( rt) 94 1 1 1 1 
18 121 .9 DA993614 Hsi Si-( rt) 95 1 tr 1 ~~~ ilil 18 132.5 DA093615 Hsl(bx) Si·( rt) 85 1 9 1 1 
18 135 DA093616 Hsi( bx) Si-( rt) 75 2 5 tr ...... 11'<.ih 
·-· 
'~.:t . 
18 136.5 DA993617 Hsi bx) Sl-Ph/Dl-Al-(rt) BO 7 5 4 1 .~ .. ;· 
18 137.4 DA993618 Hsi-cy Sl-Ph/Di-Al-(rt) 55 20 4 15 1 
-
,,._ ~.-l·~· 
18 143.9 DA093619 Hsi(bx) Sl-Ph/Dl-Al-(rt) 89 4 2 2 1 
""""" °" 18 183.6 DA993620 Hsl(bx) Sl-Ph/Oi-Al-(rt) 90 5 2 1 I. ~ ~ 1• ~ 18 234 DA993621 Hsi Si-( rt) 90 2 2 tr 1-. ·;r; J.. .... 18 116.4 DA993622 Hsi Sl-(ph/dl)·(rt) 92 3 1 tr tr • - -1 52 PA013001 Hs~bx) Si-( rt) 90 1 
1 88 PA013002 HsH:y Si-It 70 20 ........ IE! IMll 
-1 76.9 PA013003 Hsl-cy SI-Cy 75 20? 20? 
1 104.3 PA01 3004 vu Hsi SI-Cy 90 5? 5? 
1 128.3 PA013005 Hsi Si-Cy-Rt 90 5? 5? 1 .... ..:.: .- , ... ~ 
1 190.9 PA013006 vu Hsi SI-Cy 93 tr 
1 431 PA013011 Hsi-cy S~lt-Ph·Dk·AI 40 15 5 30 ·=~ 
""""' 
r,.,:"3 
5 38.65 PA013048 vu Hsi SI 93 
5 113.8 PA013049 Hsl-cy(bx) Sl-Se/lt-DklK-AI 83 4 8 
5 122.3 PA013050 Hsi Si-Py-OklK 55 6 35 r.-o .. • 
5 132.4 PA013051 Hsi(bx) Sl-DklK-Al-(rt) 88 4 5 1 ~~j ·~ ;, 
5 141 .4 PA013052 Hsk:y Si-Cy-Al-Py 40 25 20 
-
.... 
• 
17 109.1 DA993701 Hsi-cy SI-Se/It-Ph 60 35? 35? .·t, • 
17 46.5 DA993702 vuHsl(bx) Si-( rt) 95 2 
28 88.3 DA993704 fmg-Vbx Si-Cy-( rt) 30 55 10 1 
26 84.4 DA993705 mg-Vbx SI-DI-Se-Ph-Chi 70 10 10 2 1 
26 106.2 DA993707 vuHsi(bx) Si-Ph-(al , rt) I 92 5 1 1 I 
26 108.1 DA993708 Hsl-cy SI-Ph/Di-Dk-Py I 70 20 3 1 ,. 
26 113.9 DA993709 Hsl-cy(bx) Sl-DklK-Al-(rt) i 70 3 25 1 
- ·~ =-26 141 .1 DA993711 pHsl-cy Sl-Ph-Dk-11/Se-(al, rt) I 50 25 15 5 1 -26 160.8 DA993712 pHsl-cy SI-Ph/Di I 65 I 30 .', I 28 194.6 DA993715 Hsi-cy Sl-11-Ph-Dk-(rt) I 85 125? 5 25? 1 .;:,,,., 
-26 196.7 OA993716 pHsi-cy Si-DklK 3 I 60 I 30 
7 82 PA013084 Hsi-cy Si-Ph/DI I 60 I 30 7 ,,~~ 
26 214.2 DA993718 Hsi-cylbx) Si-Ph-Di 77 20 1 
- 1-1 26 258.7 DA993720 Hsi-cy SI-Di 70 18 4 1 1 3 ~Jo· - """ -26 391 .4 DA993727 Hsl-cy Si-Al-Py 55 30 5 
'"' 
gy-py-co 
27 167.6 DA993734 Hsk:y Si-Di-Ph 65 23 5 ... '°""'.!. "'~ ... 
6 184.6 PA013079 Hsl-cy SI-DI 65 30 1 5 
8 113.6 PA013092 Hsi SI 94 4 ......... 
"' 2 60.57 PA013016 Hsi Si-( rt) 92 3 2 
.,m 2 84.7 PA013017 Hsi Si-( rt) 92 3 2 
·- -2 117.3 PA013020 Hsi Si-Ph/Di-DkJK 85 7 5 
2 129.6 PA013022 Hsi Si 95 tr Im; 5 174.9 PA013056 Hsi Si-Py 93 
7 141.9 PA013090 Hsi-cy SI-DI 65 25 
- -16 EA043192 Hsi Si 97 2 ,_1~·~ ; '!] 
Appendix E E1-2 
Alteration and sulphide mineralogy, vein mineralogy, vug paragenesis and sulphide equilibrium-disequilibrium associations 
Advanced Argllllc 
Overprinting Phylllc Alteration Post 
Mlneral 
DOH Depth Sample Alt. Style Perv. Alt. Min. Primary Mlneral04 JV Seconda y Mineralogy Porphyry Veins I Hlgh-Sulphldatlon Veins Veins 
Pl Hb Mt Kl Bt Px Qtz Phil Dl<ll< Al Sell~ Rt Cy Chi Ep Cal Anh He Mt Pv Bt Zr Qtz Mt I He Chi SeNn Ca Mo Pv Bn Cp Sp Gn Qtz Ph/Di DklK Se/It Al En Lu Bn IPv Da Cc Mo Co CpM• tMn DkJKI Gv 
% % % % % % % % % % % % % % % % % % % % % % 
3 122 PA013025 Hsl-cy SI-Se-Ph 50 10 35 ...... ;.-.; :r.f.; 
""' 
P-"',:-
- - I 
Phylllc Alteration Poat 
1 401 .9 PA013008 Hsi-cy Si-Sellt 85 10 
1 411 .9 PA013009 Hsl-cy SI-Se-Anh 45 40 10 ..... 
-
.~:. 
1 422.6 PA013010 Hsl-cy Si-Se-He-Anh 40 30 20 2 I !;:..-~ :ii';·: 1 440.9 PA01301 2 ~ Si-Se-Anh 35 30 1 25 ~: ;;i~ 
1 449.9 PA01 3013 pHsi-cy Se-Si-Anh 40 45 10 
1 470.1 PA013015 Hsl-cy(bx) Se-SI-Anh 35 40 15 
26 169.6 DA993713 Hsl-cy Si-Se/lt·Py 50 40 2 7 
- -26 304.6 DA993722 Hsl-cy SI-Se-Ph-Py 70 7 1 12 3 
' 
6 
5 313.1 PA01 3069 Hcy.gl Si-Se·Py 60 30 1 2 5 .(·~· .. 
I 
5 369 PA013073 Hcy-si Se-Si-Py 35 55 3 6 :·~-: I 
5 349.3 PA013071 Hcy·sl Si-5e-Py 35 45 15 (..."'; I "'' ' 8 506.7 EA044288 Hsl-cy Si-5e-Py 50 30 15 ... . ·-
SCC Alteration 
1 460.5 PA013014 pla Se-SI-Chi-Anh 30 35 15 15 :S;.r ... 
-
... 
1 391.9 PA013007 pla Se-Chi-Cy 
"" '""' 
,_ ,,_ 5 tr 20 10 tr 
26 316.7 DA993723 pla Sl-Chl·Se-Py 60 5 2 30 3 
27 297.1 DA993738 Hsl-cy Si-Se-Chl·Py 70 15 10 4 
-1 27 349.8 DA993740 pla SI-Se-He 60 6 25 1 7 '"° I 
5 360.6 PA013072 Hcy-si Si-Se-Chi 45 35 15 4 
5 273.1 PA01 3066 Hcy-si Se-Si-Chi 30 55 8 4 .. 
- -83 258.7 EA044456 pla Sl-5e-Chl 30 30 15 3 20 . , 
.. 1=• I "'""'" ,_ 
-1 8 532.4 EA0445121 pDI SI-SO-Chi 10 35 40 2 15 3 2 - I •1 8 552.7 EA044299 DI Se-Chi 45 30 15 3 i 
-8 532.5 EA0445121 pDI Se-Si-Chi 15 20 50 2 7 I 
I 
-
-1 8 544.8 EA044298 DI Se-Sl-Chl-Mt-Anhy 7 30 35 15 4 5 I -
I I I 
sec Overprinting 
I PotHaic Alteratlon 
8 545.5 EA044502 DI Sl-Chl-Bt-Se·Mt-Anhv 6 40 10 25 5 5 5 
- - :1 ~ 8 520.8 EA022285 DI Se-Sl-Chl-Mt-Bt-Anhy 10 25 30 15 4 5 5 
-8 520.8 EA044287 DI Si-Se-Chl-Bt-Anhy-Mt 7 40 20 15 4 4 4 
- - -
Potaaalc Alteration I 
8 541 EA044504 DI Chl-Mt-Bt-Anhy 15 10 15 15 8 8 15 
'· 
8 442.8 EA044501 DI Bl-Chl-Ml-Anhy 45 5 15 2 4 5 20 gy-chl-bn 
8 595 EA044300 pDI Chl-Ep-Cal 70 10 2 5 8 2 0.5 
-
-
"' I I 
I I 
Appendix E 
Alteration and sulphide mineralogy, vein mineralogy, vug paragenesis and sulphide equilibrium-disequilibrium associations 
Argllllc Alteration I 
DOH~ Sample I Acld·Loachod Vug·Flll Paragoneals (6 broad vug categories) 
Olz I Olz-Clay I Olz·Sulph I Otz·Clay-Sulphldes I Sulphides 
26 131 DA993710 
26 63.8 DA993703 
26 85.2 DA993706 
Hlgh-Sulphldatlon Mlnerallaatlon 
and Advanced Argllllc Alteration 
DA993601 
18 I 76 I DA993602 
18 I 74.1 I DA993603 
18 I 80.8 I DA993605 
Otz-(Ph/Di,Bn) 
Cl a vs Bn#CDIBn#CclMt>Pv Mt>Rt Bn> 
I.e. l ;·'-:0-'J:'. .. -~ 
~l'i I ·~>::. ~ 
-
E1-3 
Otz·(Dl</K,AI) 18 I 91.9 
18 I 104 I DA993606 
18 I 111 I DA993607 
Otz IOtz-Ph/DI iJ 11 I 1111 1 I l·M I I I I I I I - Fl I I I I I I l J I i I I m::f>'fl; 
18 I 114 I DA993608 
18 I 115 I DA993609 
18 189 DA993610 I Qtz-(Al ,En,Bn) 
18 117 DA993611 Olz-(Al,En,Bn) 
18 116 DA993612 
18 118 DA993613 Otz-(Ph/01) Otz-(En, Bn)+Otz-(En,Mo) Qtz-(Al ,En)-Dk/K 
18 122 DA993614 Otz-(En,Py Otz-(Al,En,Py)-Dk/K 
18 132 DA993615 
18 135 DA993616 
18 137 DA993617 
18 137 DA993618 
18 144 DA993619 
18 184 DA993620 I 
18 234 DA993621 
18 116 DA993622 
1 52 PA013001 
1 66 PA013002 
1 I 76.9 I PA01 3003 
L...!_ I 104 I PA013004 
_1_11281 PA013005 
1 191 PA013006 
1 I 431 I PA013011 
5 I 38.7 I PA013048 I Otz 
5 I 114 I PA013049 
5 I 122 I PA013050 
5 I 132 I PA013051 
5 141 PA013052 
Otz-(En,Bn,Py) 
Qtz-(Bn,Py)-Dk/K 
En-Bn.PY 
~"' 
~I I llmll.1I 
n;;m\l';I. 
I i:~' 
(!"II- J ·."-·~ 1•.' 
· ~ 
r:: 
-
l :'nJ 
!::; • f ~·:· Dk/K-Ph/Di 
17 109 DA993701 (Qtz,Py,Co)-Dg ' ·· ~ 
17 46.5 DA993702 Qtz-Bn ;.~· ·s.vi1 
26 66.3 DA993704 
26 84.4 DA993705 
26 106 DA993707 Al 
~ 108 DA993708 114 DA993709 - - ---- L • 141 DA99371 1 
26 I 161 I DA993712 I I I I -
26 I 195 I DA993715 I I I I F<m 
26 I 199 I DA993716 1 I I I I'- I I ~ 
~ 
.I& ~~'.':' 
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Appendix E E1-4 
Alteration and sulphide mineralogy, vein mineralogy, vug paragenesis and sulphide equilibrium-disequilibrium associations 
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APPENDIX F 
(Chapter 9) 
Potassic White Mica Infrared Spectral-Chemical Calibration 
and Spatial Zonation of Spectral Parameters 
Potassic White Mica Compositions - Electron microprobe analyses 
PIMA II Spectral Data: IRS-File = Infra-Red Spectra File name (*.dsp). 
OCT-OH-A. = Al-OH Absorption Wavelength. 
SBW = Structurally Bound Water spectral ratio. 
Cu, Au, As, Pb, Zn, Mo, Ag, Hg grade (ppm) of 
spectral interval 
Samples listed in red ink are used for the SBW chemical calibration. 
Samples listed in blue ink are used for the OCT cation -OH chemical calibration. 
Pima II alteration mineral database 

Appendix E F1-1 
Electron-microprobe analyses of potassic white mica plus crystal stoichiometry 
Sample Si02 I Ti02 I Al203 I Cr203 I FeO I MnO I MgO I Cao I Na20 I K20 I H20 Total Si I Al101 I Aloc1 I Ti I Fe2• I Fe3• I Mn I Mg I Ca I Na I K I H3o• I H2o I OH 
Wt.%0xides Atoms per formula unit 
33T098 50.70 0 34.23 0 0.70 0 0.23 0 0 8.15 6.19 100.21 3.31 0.69 1.94 0 0.01 0.03 0 0.02 0 0 0.68 0.05 0.27 2.00 
33T098 48.85 0 33.49 0 1.55 0 1.10 0 0 9.54 5.81 100.33 3.21 0.79 1.81 0 0.06 0.03 0 0.11 0 0 0.80 0.15 0.05 2.00 
33T098 48.92 0 33.61 0 1.73 0 1.00 0.07 0.14 9.80 5.52 100.79 3.21 0.79 1.81 0 0.05 0.04 0 0.10 0 0.02 0.82 0.10 0.06 2.00 
33T098 49.33 0 35.01 0 0.94 0 0.11 0.08 0 9.30 5.57 100.32 3.23 0.77 1.94 0 0.01 0.05 0 0.01 0.01 0 0.78 0.00 0.22 2.00 
33T098 47.58 0 32.96 0 1.85 0 0.89 0.06 0 9.51 5.54 98.39 3.20 0.80 1.81 0 0.05 0.06 0 0.09 0 0 0.81 0.12 0.06 2.00 
33T098 49.82 0 34.77 0 1.32 0 0.67 0.12 0 9.27 5.95 101 .94 3.22 0.78 1.86 0 0.04 0.04 0 0.06 O.Q1 0 0.76 0.11 0.12 2.00 
33T098 50.23 0 34.04 0 1.16 0 0.19 0.06 0 8.23 6.10 100.01 3.29 0.71 1.92 0 0.01 0.05 0 0.02 0 0 0.69 0.05 0.26 2.00 
33T098 49.79 0 34.33 0 1.10 0 0.32 0.13 0 8.96 5.76 100.38 3.26 0.74 1.91 0 0.02 0.04 0 0.03 0.01 0 0.75 0.03 0.21 2.00 
33T098 49.64 0 34.65 0 1.24 0 0.49 0.12 0 9.36 5.74 101 .22 3.23 0.77 1.89 0 0.03 0.04 0 0.05 0.01 0 0.78 0.06 0.16 2.00 
33T098 50.33 0 32.64 0 1.66 0 1.38 0.1 2 0 9.41 5.91 101.45 3.27 0.73 1.78 0 0.07 0.02 0 0.13 O.Q1 0 0.78 0.14 0.07 2.00 
33T098 49.51 0 34.21 0 1.60 0 0.51 0.07 0 9.38 5.72 100.99 3.23 0.77 1.86 0 0.03 0.06 0 0.05 0 0 0.78 0.06 0.15 2.00 
33T098 49.80 0 35.14 0 1.01 0 0.27 0.11 0 9.37 5.69 101 .40 3.23 0.77 1.92 0 0.01 0.04 0 0.03 O.Q1 0 0.78 0.03 0.19 2.00 
33T098 50.30 0 34.26 0 0.91 0 0.43 0.13 0 8.74 5.94 100.71 3.28 0.72 1.91 0 0.02 0.03 0 0.04 O.Q1 0 0.73 0.05 0.21 2.00 
34T018 48.79 0 33.76 0 1.35 0 0.48 0.10 0 8.02 6.23 98.72 3.24 0.76 1.88 0 O.Q1 O.Q7 0 0.05 0.01 0 0.68 0.13 0.18 2.00 
34T018 49.74 0.10 34.71 0 1.12 0 0.47 0.17 0.18 7.30 6.70 100.48 3.23 0.77 1.89 0 0.01 0.05 0 0.05 O.Q1 0.02 0.60 0.18 0.18 2.00 
34T018 47.70 0.08 33.40 0 1.19 0 0.33 0.13 0.22 8.10 5.75 96.90 3.23 0.77 1.89 0 0.01 0.06 0 0.03 O.Q1 0.03 0.70 0.07 0.19 2.00 
34T018 49.33 0 36.11 0 1.50 0 0.34 0.08 0.76 8.98 5.55 102.65 3.16 0.84 1.89 0 0.01 0.07 0 0.03 O.Q1 0.09 0.73 0.04 0.13 2.00 
34T018 47.23 0.12 34.49 0 1.55 0 0.27 0.10 0.47 8.96 5.30 98.49 3.16 0.84 1.88 0.01 0 0.08 0 0.03 O.Q1 0.06 0.76 0.03 0.14 2.00 
34T018 48.37 0.08 35.38 0 1.59 0 0.28 0 0.48 8.75 5.74 100.67 3.16 0.84 1.88 0 0 0.08 0 0.03 0 0.06 0.73 0.08 0.13 2.00 
34T018 48.26 0 33.28 0 1.56 0 0.29 0.09 0 7.84 6.13 97.45 3.25 0.75 1.88 0 0 0.08 0 0.03 0.01 0 0.67 0.11 0.21 2.00 
34T018 48.73 0.09 33.52 0 1.48 0 0.56 0.11 0.40 8.41 5.66 98.96 3.23 0.77 1.86 0 0.01 O.Q7 0 0.06 0.01 0.05 0.71 0.05 0.18 2.00 
34T056 48.76 0 36.27 0 0 0 0 0.15 0 7.53 6.58 99.29 3.20 0.80 2.00 0 0 0 0 0 0.01 0 0.63 0.16 0.20 2.00 
34T056 49.52 0 36.99 0 0 0 0 0.14 0 6.99 7.12 100.77 3.19 0.81 2.00 0 0 0 0 0 0.01 0 0.57 0.23 0.19 2.00 
34T056 49.74 0 36.92 0 0 0 0 0.19 0 7.46 6.80 101 .11 3.20 0.80 2.00 0 0 0 0 0 0.01 0 0.61 0.17 0.20 2.00 
34T056 49.19 0 36.43 0 0.12 0 0 0.11 0 9.03 5.82 100.70 3.20 0.80 1.99 0 0 O.Q1 0 0 0.01 0 0.75 0.04 0.20 2.00 
34T056 51 .11 0 35.73 0 0 0 0 0 0 7.94 6.42 101 .20 3.29 0.71 2.00 0 0 0 0 0 0 0 0.65 0.06 0.29 2.00 
34T056 49.82 0 35.87 0 0.19 0 0 0.07 0 8.45 6.08 100.48 3.24 0.76 1.99 0 0 0.01 0 0 0 0 0.70 0.05 0.24 2.00 
34T056 47.71 0 35.60 0 0 0 0 0.19 0 7.80 6.21 97.52 3.19 0.81 2.00 0 0 0 0 0 0.01 0 0.67 0.13 0.19 2.00 
34T056 48.48 0 34.96 0 0.09 0 0 0.18 0 7.65 6.19 97.55 3.24 0.76 1.99 0 0 0.01 0 0 O.Q1 0 0.65 0.09 0.24 2.00 
34T056 50.08 0 36.76 0 0 0 0 0.13 0 8.82 6.04 101 .82 3.22 0.78 2.00 0 0 0 0 0 0.01 0 0.72 0.05 0.22 2.00 
34T056 50.64 0 37.06 0 0 0 0 0.19 0 8.44 6.33 102.66 3.22 0.78 2.00 0 0 0 0 0 0.01 0 0.68 0.08 0.22 2.00 
34T080 48.538 0 31 .25 0 2.01 0 1.02 0 0.41 9.71 4.90 97.84 3.29 0.71 1.78 0 0.06 0.05 0 0.1 0 0 0.05 0.84 0 0.11 2.00 
34T080 48.00 0 32.26 0 1.94 0 0.93 0.09 0 10.14 5.08 98.44 3.24 0.76 1.80 0 0.05 0.05 0 0.09 0.01 0 0.87 0.04 0.08 2.00 
34T080 47.24 0.12 32.77 0 1.76 0 0.73 0.14 0 10.43 4.81 97.99 3.20 0.80 1.82 0.01 0.04 0.06 0 0.07 0.01 0 0.90 0 0.09 2.00 
34T080 51 .28 0 30.75 0 2.14 0 1.55 0.20 0 9.56 5.60 101 .08 3.36 0.64 1.73 0 0.09 0.03 0 0.15 0.01 0 0.80 0.07 0.12 2.00 
34T080 48.88 0 30.03 0 2.26 0 1.37 0.23 0 9.16 5.41 97.34 3.32 0.68 1.73 0 0.08 0.05 0 0.14 0.02 0 0.80 0.08 0.11 2.00 
35T048 51 .12 0 34.49 0 0.87 0 0.42 0.10 0.00 8.29 6.29 101 .59 3.29 0.71 1.91 0 0.02 0.02 0 0.04 0.01 0 0.68 0.08 0.23 2.00 
35T048 47.42 0 35.62 0 0.72 0 0.15 0 0.48 9.01 5.38 98.78 3.15 0.85 1.95 0 0.01 0.03 0 O.Q1 0 0.06 0.76 0.04 0.13 2.00 
35T048 49.76 0 33.92 0 0.81 0 0.38 0.07 0 8.83 5.76 99.53 3.28 0.72 1.92 0 0.02 0.02 0 0.04 0 0.00 0.74 0.03 0.22 2.00 
35T048 47.52 0.10 35.71 0 1.22 0 0.18 0.12 0.36 9.73 5.17 100.11 3.13 0.87 1.91 0 0.01 0.06 0 0.02 0.01 0.05 0.82 0.02 0.1 1 2.00 
35T048 47.49 0 35.62 0 0.76 0 0.33 0 0.39 9.36 5.39 99.33 3.15 0.85 1.93 0 0.02 0.02 0 0.03 0 0.05 0.79 0.06 0.10 2.00 
35T048 51 .00 0 34.60 0 0.85 0 0.56 0.16 0.00 8.95 5.99 102.12 3.28 0.72 1.90 0 0.03 0.02 0 0.05 0.01 0.00 0.73 0.06 0.19 2.00 
35T048 49.56 0 33.77 0 0.87 0 0.37 0.09 0.24 8.86 5.50 99.26 3.28 0.72 1.92 0 0.02 0.03 0 0.04 O.Q1 0.03 0.75 0.00 0.22 2.00 
0 = Below detection limit 

Appendix E F1-2 
Electron-microprobe analyses of potassic white mica plus crystal stoichiometry 
Sample Si02 I Ti02 I Al203 I Cr203 I FeO I MnO I MgO I Cao I Na20 I K20 I H20 Total Si I Al,.1 I Aloc1 I Ti I Fe2• I Fe3• I Mn I Mg I Ca I Na I K I H30• I H20 I OH 
Wt.% Oxides Atoms per formula unit 
35T048 46.47 0 36.46 0 1.14 0 0.17 0.06 0.56 9.62 5.17 99.65 3.08 0.92 1.92 0 0.01 0.05 0 0.02 0 0.07 0.81 0.06 0.05 2.00 
35T048 46.59 0 36.16 0 1.23 0 0.00 0 0.46 9.87 5.00 99.32 3.10 0.90 1.93 0 0 0.07 0 0 0 0.06 0.84 0.01 0.09 2.00 
35T048 48.19 0 34.55 0 0.93 0 0.34 0.21 0 9.366 5.45 99.04 3.21 0.79 1.91 0 0.02 0.03 0 0.03 O.D1 0 0.79 0.04 0.15 2.00 
35T048 45.85 0.17 35.76 0 0.76 0 0.00 0.32 0.46 9.78 4.76 97.86 3.10 0.90 1.95 0.01 0 0.04 0 0 0.02 0.06 0.84 0.00 0.07 2.00 
35T048 47.24 0.12 35.81 0 0.67 0 0.37 0 0.26 9.63 5.41 99.50 3.13 0.87 1.92 0.01 0.02 0.02 0 0.04 0 0.03 0.81 0.08 0.07 2.00 
35T096 51 .10 0 36.58 0 0 0 0 0.10 0.17 8.18 6.28 102.40 3.25 0.75 2.00 0 0 0 0 0 O.D1 0.02 0.664 0.05 0.26 2.00 
35T096 50.24 0 36.45 0 0.15 0 0 0.14 0.46 8.21 5.94 101 .59 3.23 0.77 1.99 0 0 0,01 0 0 O.D1 0.06 0.673 0.03 0.23 2.00 
35T096 50.35 0 35.91 0 0.39 0 0.14 0.10 0.92 7.77 5.82 101.41 3.24 0.76 1.97 0 0 0.02 0 0.01 0.01 0.12 0.638 0.02 0.22 2.00 
35T096 50.59 0 35.78 0 0.09 0 0.11 0.14 0 7.82 6.49 101 .01 3.26 0.74 1.98 0 0 0 0 0.01 0.01 0 0.644 0.10 0.25 2.00 
35T096 49.76 0 35.57 0 0.13 0 0 0.10 0.35 7.98 5.95 99.84 3.25 0.75 1.99 0 0 O.D1 0 0 0.01 0.04 0.665 0.03 0.25 2.00 
35T096 49.32 0 34.78 0 0.14 0 0.12 0.19 0.1 7 7.43 6.26 98.40 3.27 0.73 1.98 0 0 0 0 0.01 0,01 0.02 0.627 0.09 0.25 2.00 
35T096 49.04 0 34.97 0 0.19 0 0.12 0.10 0.74 7.28 5.92 98.35 3.25 0.75 1.98 0 0 0.01 0 0.01 O.D1 0.10 0.615 0.05 0.23 2.00 
30T107 46.83 0.14 34.87 0 1.57 0 0.68 0 1.12 9.20 5.02 99.44 3.11 0.89 1.84 0.01 0.04 0.05 0 0.07 0 0.14 0.78 0.07 0,01 2.00 
30T107 47.13 0.12 35.59 0 1.27 0 0.30 0 1.13 8.92 5.06 99.52 3.12 0.88 1.89 0.01 0.02 0.05 0 0.03 0 0.15 0.75 0.03 0.07 2.00 
30T107 45.69 0.18 34.81 0 1.72 0 0.44 0 1.02 9.27 4.89 98.01 3.08 0.92 1.85 0.01 0.02 0.07 0 0.04 0 0.13 0.80 0.06 O.D1 2.00 
30T107 46.94 0 34.93 0 1.33 0 0.45 0 1.07 9.33 4.84 98.89 3.13 0.87 1.88 0 0.02 0.05 0 0.05 0 0.14 0.79 0.02 0.05 2.00 
30T107 46.82 0.13 32.53 0 1.90 0 1.23 0.15 0.93 9.31 4.85 97.85 3.17 0.83 1.76 0.01 0.05 0.06 0 0.12 O.D1 0.12 0.80 0.06 0 2.00 
30T107 46.94 0.12 34.93 0 1.38 0 0.45 0 1.08 8.54 5.28 98.73 3.13 0.87 1.87 0.01 0.02 0.05 0 0.05 0 0.14 0.73 0.08 0.05 2.00 
30T107 47.86 0.16 34.35 0 1.68 0 0.81 0 1.12 9.33 5.00 100.31 3.15 0.85 1.82 0.01 0.04 0.05 0 0.08 0 0.14 0.78 0.05 0.02 2.00 
30T107 47.19 0.16 34.19 0 1.65 0 0.62 0.07 0.99" 9.22 4.93 99.02 3.15 0.85 1.84 0.01 0.03 0.06 0 0.06 0.01 0.13 0.78 0.03 0.05 2.00 
30T107 46.59 0.24 34.98 0 2.05 0 0.55 0 1.07 9.48 4.93 99.89 3.09 0.91 1.82 0.01 0.03 0.08 0 0.05 0 0.14 0.80 0.06 0 2.00 
30T107 46.69 0.18 35.67 0 1.40 0 0.18 0 1.45 8.75 4.84 99.16 3.10 0.90 1.90 0.D1 0.01 0.07 0 0.02 0 0.19 0.74 0 0.07 2.00 
30T107 46.77 0.15 34.21 0 1.59 0 0.53 0.09 1.10 8.67 5.06 98.16 3.14 0.86 1.85 0.01 0.03 0.06 0 0.05 O.D1 0.14 0.74 0.05 0.06 2.00 
40T127 46.43 0.08 36.35 0 0.63 0 0.30 0 0.75 9.69 4.97 99.21 3.09 0.91 1.93 0 0.02 0.02 0 0.03 0 0.10 0.82 0.04 0.04 2.00 
40T127 47.46 0.18 36.44 0 0.72 0 0.34 0 0.46 10.07 5.13 100.80 3.11 0.89 1.92 0.01 0.02 0.02 0 0.03 0 0.06 0.84 0.04 0.06 2.00 
40T127 46.59 0.29 36.13 0 0.98 0 0.41 0 0.71 10.27 4.76 100.14 3.08 0.92 1.89 0.01 0.02 0.03 0 0.04 0 0.09 0.87 0.01 0.03 2.00 
40T127 46.27 0.29 35.74 0 1.10 0 0.39 0 0.75 10.23 4.66 99.43 3.08 0.92 1.89 0.01 0.02 0.04 0 0.04 0 0.10 0.87 0 0.03 2.00 
40T127 47.44 0.07 35.81 0 0.60 0 0.17 0 0.57 9.45 5.1 0 99.21 3.15 0.85 1.95 0 0.01 0.02 0 0.02 0 0.07 0.80 0 0.13 2.00 
40T127 47.63 0.12 36.04 0 0.60 0 0.74 0.07 0.84 9.77 5.06 100.87 3.11 0.89 1.89 0.01 0.03 0.00 0 0.07 0 0.11 0.81 0.06 0.01 2.00 
40T127 46.46 0.23 36.15 0 0.95 0 0.25 0 0.53 10.24 4.84 99.64 3.08 0.92 1.91 0.01 0.01 0.04 0 0.03 0 0.07 0.87 O.D1 0.06 2.00 
40T127 47.29 0 35.40 0 1.03 0 0.25 0 0.48 9.70 5.05 99.20 3.14 0.86 1.92 0 O.D1 0.04 0 0.03 0 0.06 0.82 O.D1 0.10 2.00 
40T127 46.63 0.07 35.90 0 0.72 0 0.28 0 0.68 9.84 4.86 98.98 3.11 0.89 1.93 0 0.02 0.02 0 0.03 0 0.09 0.84 O.D1 0.07 2.00 
40T127 47.22 0.14 36.22 0 0.60 0 0.26 0 0.69 10.04 4.85 100.02 3.12 0.88 1.93 0.01 O.D1 0.02 0 0.03 0 0.09 0.84 0 0.07 2.00 
40T127 46.52 0 35.97 0 0.62 0 0.27 0.15 0.75 9.23 5.05 98.57 3.11 0.89 1.94 0 0.D1 0.02 0 0.03 0 0.10 0.79 0.04 0.06 2.00 
42T136 45.57 0.29 35.45 0 1.82 0 0.25 0.08 0.85 10.03 4.59 98.93 3.06 0.94 1.86 0.01 O.D1 0.09 0.0 0.03 O.D1 0.11 0.86 0 0.03 2.00 
42T136 46.01 0.25 35.15 0 1.82 0 0.19 0 1.07 9.93 4.52 98.94 3.09 0.91 1.87 O.D1 0.01 0.09 0 0.02 0 0.14 0.85 0 0.01 2.00 
42T136 45.15 0.29 35.54 0 1.81 0 0.28 0 0.62 10.03 4.83 98.56 3.04 0.96 1.85 0.01 0.02 0.09 0 0.03 0 0.08 0.86 0.05 0.01 2.00 
42T136 45.62 0.26 35.71 0 1.81 0 0.12 0 0.46 10.05 4.91 98.94 3.06 0.94 1.87 0.01 0.01 0.10 0 0.01 0 0.06 0.86 0.03 0.05 2.00 
42T136 45.24 0.35 35.65 0 1.82 0 0.31 0 0.72 9.98 4.82 98.89 3.03 0.97 1.85 0.02 0.02 0.09 0 0.03 0 0.09 0.85 0.05 0 2.00 
42T136 46.49 0.22 34.79 0 1.71 0 0.49 0 0.77 9.98 4.73 99.18 3.11 0.89 1.85 0.01 0.03 0.07 0 0.05 0 0.10 0.85 O.D1 0.04 2.00 
42T136 46.03 0.24 35.00 0 1.74 0 0.43 0 0.58 9.83 4.96 98.82 3.08 0.92 1.85 0.01 0.02 0.07 0 0.04 0 0.08 o.s4 0.05 0.03 2.00 
42T136 45.65 0.37 35.42 0 1.96 0 0.40 0 0.80 9.90 4.85 99.35 3.05 0.95 1.83 0.02 0.02 0.09 0 0.04 0 0.10 0.84 0.05 0 2.00 
42T136 45.39 0.37 35.38 0 2.06 0 0.37 0 0.69 10.11 4.80 99.17 3.04 0.96 1.83 0.02 0.02 0.10 0 0.04 0 0.09 0.86 0.05 0 2.00 
0 = Below detection limit 

Appendix E F1-3 
Electron-microprobe analyses of potassic white mica plus crystal stoichiometry 
Sample SI02 I Ti02 I Al203 I Cr203 I FeO I MnO I MgO I Cao I Na20 I K20 I H20 Total Si I Alt•t I Aloc1 I Ti I Fe2• I Fe3+ I Mn I Mg I Ca I Na I K I H30+ I H20 I OH 
Wt.% Oxides Atoms per fonnula unit 
43T089 52.78 0 33.27 0 1.01 0 0.78 0.51 0 7.49 6.62 102.47 3.37 0.63 1.87 0 0.04 0.01 0 0.07 0.03 0 0.61 0.11 0.25 2.00 
43T089 49.94 0 31.54 0 1.38 0 0.83 0.58 0 7.17 6.33 97.77 3.35 0.65 1.84 0 0.05 0.03 0 0.08 0.04 0 0.61 0.14 0.21 2.00 
43T089 51.31 0 31.55 0 1.16 0 1.08 0.64 0.27 6.99 6.36 99.36 3.38 0.62 1.83 0 0.06 0 0 0.11 0.05 0.04 0.59 0.13 0.20 2.00 
43T089 50.53 0 32.19 0 1.40 0 0.87 0.62 0.00 7.45 6.36 99.41 3.33 0.67 1.84 0 0.05 0.03 0 0.09 0.04 0 0.63 0.14 0.19 2.00 
43T089 50.72 0 32.12 0 1.33 0 0.88 0.65 0.26 7.00 6.35 99.30 3.34 0.66 1.84 0 0.05 0.02 0 0.09 0.05 0.03 0.59 0.13 0.20 2.00 
43T089 51 .96 0 33.38 0 1.02 0 0.63 0.50 0.24 7.13 6.53 101 .39 3.35 0.65 1.88 0 0.04 0.02 0 0.06 0.03 0.03 0.59 0.11 0.24 2.00 
43T089 52.78 0 31 .79 0 1.56 0 1.06 0.53 0.23 7.09 6.57 101.60 3.40 0.60 1.81 0 0.06 0.02 0 0.10 0.04 0.03 0.58 0.12 0.23 2.00 
43T089 50.67 0 31 .20 0 1.44 0 1.06 0.61 0.18 6.90 6.42 98.47 3.37 0.63 1.82 0 0.06 0.02 0 0.10 0.04 0.02 0.59 0.15 0.20 2.00 
43T089 50.72 0 31.20 0 1.44 0 1.07 0.61 0.18 6.90 6.42 98.54 3.37 0.63 1.81 0 0.06 0.02 0 0.11 0.04 0.02 0.58 0.15 0.20 2.00 
43T089 52.13 0 32.48 0 1.22 0 0.94 0.38 0.00 7.90 6.39 101 .44 3.37 0.63 1.84 0 0.05 0.01 0 0.09 0.03 0 0.65 0.11 0.21 2.00 
43T089 50.50 0 31 .36 0 1.23 0 0.98 0.54 0.24 7.10 6.23 98.17 3.37 0.63 1.83 0 0.06 0.01 0 0.10 0.04 0.03 0.60 0.12 0.21 2.00 
43T089 51 .82 0 31.85 0 1.45 0 1.18 0.36 0.25 7.47 6.45 100.84 3.37 0.63 1.81 0 0.07 0.01 0 0.11 0.03 0.03 0.62 0.15 0.17 2.00 
43T089 50.87 0 31.37 0 1.12 0 1.00 0.42 0.22 7.12 6.31 98.43 3.38 0.62 1.84 0 0.06 0 0 0.10 0.03 0.03 0.60 0.12 0.22 2.00 
43T089 51 .62 0 33.61 0 1.32 0 0.72 0.29 0 7.89 6.55 102.00 3.32 0.68 1.86 0 0.04 0.03 0 0.07 0.02 0 0.65 0.14 0.19 2.00 
43T089 50.34 0 30.97 0 1.43 0 0.97 0.69 0 7.24 6.22 97.85 3.38 0.62 1.82 0 0.06 0.02 0 0.10 0.05 0 0.62 0.12 0.21 2.00 
43T118 52.22 0 29.93 0 1.41 0 1.15 1.25 0.63 4.55 6.96 98.09 3.47 0.53 1.81 0 0.08 0 0 0.11 0.09 0.08 0.39 0.19 0.26 2.00 
43T118 50.69 0 31 .53 0 1.39 0 0.92 0.74 0 6.90 6.54 98.71 3.37 0.63 1.83 0 0.07 O.Q1 0 0.09 0.05 0 0.58 0.17 0.19 2.00 
43T118 51 .80 0 32.02 0 1.35 0 1.11 0.72 0 7.50 6.50 101 .00 3.37 0.63 1.82 0 0.07 0 0 0.11 0.05 0 0.62 0.16 0.17 2.00 
43T118 50.85 0 32.88 0 1.07 0 0.74 0.59 0 7.56 6.37 100.07 3.33 0.67 1.87 0 0.06 0 0 0.07 0.04 0 0.63 0.13 0.20 2.00 
43T118 50.32 0 31 .16 0 1.80 0 0.87 0.35 0.32 8.33 5.56 98.71 3.36 0.64 1.81 0 0.07 0.03 0 0.09 0.03 0.04 0.71 0.03 0.19 2.00 
50T079 50.45 0 29.68 0 1.93 0 2.87 0 0 9.46 6.15 100.53 3.31 0.69 1.613 0 0.11 5E-05 0 0.281 0 0 0.793 0.28 0 2.00 
50T079 49.86 0 29.35 0 2.02 0 2.44 0 0 9.99 5.53 99.19 3.33 0.67 1.644 0 0.11 3E-06 0 0.243 0 0 0.852 0.17 0 2.00 
50T079 49.90 0 28.96 0 1.87 0 2.82 0.06 0 9.82 5.67 99.11 3.33 0.67 1.615 0 0.10 0 0 0.28 0 0 0.837 0.21 0 2.00 
50T079 50.61 0 29.17 0 1.93 0 2.69 0 0 10.05 5.60 100.05 3.35 0.65 1.628 0 0.11 0 0 0.265 0 0 0.849 0.17 0 2.00 
62T052 48.28 0 34.07 0 1.57 0 0.69 0 0 9.51 5.71 99.82 3.19 0.81 1.85 0 0.04 0.05 0 0.07 0 0 0.80 0.12 0.08 2.00 
62T052 48.55 0 34.77 0 1.46 0 0.22 0.06 0 9.36 5.64 100.07 3.20 0.80 1.90 0 0.01 0.07 0 0.02 0 0 0.79 0.06 0.15 2.00 
62T052 47.50 0 36.07 0 1.26 0 0 0.00 0.23 9.93 5.22 100.20 3.13 0.87 1.93 0 0 0.07 0 0 0 0.03 0.83 0.02 0.12 2.00 
62T052 46.47 0 35.10 0 1.11 0 0 0.08 0 9.11 5.54 97.41 3.14 0.86 1.94 0 0 0.06 0 0 0.01 0 0.79 0.08 0.13 2.00 
62T052 45.82 0 35.18 0 1.48 0 0 0 0 9.77 5.24 97.49 3.11 0.89 1.92 0 0 0.08 0 0 0 0 0.84 0.06 0.10 2.00 
62T052 46.14 0 33.91 0 1.99 0 1.28 0 0.17 10.15 5.32 98.96 3.09 0.91 1.76 0 0 0.11 0 0.13 0 0.02 0.87 0.15 0 2.00 
62T052 47.96 0 33.31 0 1.56 0 0.63 0.07 0 9.31 5.56 98.41 3.22 0.78 1.85 0 0.03 0.05 0 0.06 0.01 0 0.80 0.09 0.11 2.00 
62T052 46.74 0 35.37 0 1.54 0 0.18 0.15 0.35 9.98 4.97 99.28 3.12 0.88 1.90 0 0.01 0.08 0 0.02 0.01 0.05 0.85 0.02 0.07 2.00 
62T052 45.78 0 35.23 0 1.40 0 0 0 0 9.97 5.12 97.50 3.10 0.90 1.92 0 0 0.08 0 0 0 0 0.86 0.04 0.10 2.00 
62T052 46.10 0 35.10 0 1.48 0 . 0 0.08 0.33 9.94 4.85 97.98 3.12 0.88 1.91 0 0 0.08 0 0 0.01 0.04 0.86 0 0.09 2.00 
62T052 46.08 0 35.07 0 1.39 0 0 0.11 0.31 9.61 4.98 97.55 3.12 0.88 1.92 0 0 0.08 0 0 0.01 0.04 0.83 0.01 0.11 2.00 
62T052 45.89 0 35.42 0 1.17 0 0 0.07 0.18 9.63 5.13 97.49 3.11 0.89 1.93 0 0 0.07 0 0 0.01 0.02 0.83 0.04 0.10 2.00 
62T091 49.37 0 35.72 0 0.10 0 0 0.10 0 8.50 6.00 99.80 3.24 0.76 1.99 0 0 0.01 0 0 0.01 0 0.71 0.06 0.22 2.00 
62T091 49.03 0 36.46 0 0.13 0 0 0.17 0 9.09 5.79 100.68 3.19 0.81 1.99 0 0 0.01 0 0 0.01 0 0.76 0.05 0.18 2.00 
62T091 47.70 0 36.45 0 0.10 0 0 0 0 9.41 5.61 99.27 3.15 0.85 1.99 0 0 0.01 0 0 0 0 0.79 0.06 0.15 2.00 
62T091 48.77 0 36.83 0 0 0 0 0.10 0 9.07 5.89 100.67 3.17 0.83 2.00 0 0 0 0 0 0.01 0 0.75 0.08 0.16 2.00 
62T091 48.85 0 36.64 0 0 0 0 0.14 0.16 8.97 5.74 100.50 3.18 0.82 2.00 0 0 0 0 0 O.Q1 0.02 0.75 0.05 0.17 2.00 
62T091 48.57 0 36.06 0 0 0 0 0.09 0 8.86 5.82 99.41 3.20 0.80 2.00 0 0 0 0 0 0.01 0 0.74 0.06 0.19 2.00 
62T091 48.76 0 35.33 0 0.58 0 0.20 0 0 9.28 5.68 99.83 3.21 0.79 1.95 0 0.01 0.02 0 0.02 0 0 0.78 0.05 0.17 2.00 
0 = Below detection limit 

Appendix E F1-4 
Electron-microprobe analyses of potassic white mica plus crystal stoichiometry 
Sample Si02 I Ti02 I Al203 I Cr203 I FeO I MnO I MgO I Cao I Na20 I K20 I H20 Total Si I Al101 I Aloct I Ti I Fe2• I Fe3• I Mn I Mg I Ca I Na I K I H30• I H20 I OH 
Wt. % 0 xides Atoms per formula unit 
62T091 48.96 0 34.61 0 1.05 0 0.57 0 0.75 9.38 5.14 100.46 3.21 0.79 1.89 0 0.03 0,03 0 0.06 0 0.10 0.78 O.D1 0.11 2.00 
62T091 47.26 0 36.20 0 0 0 0 0 0.00 9.45 5.49 98.39 3.15 0.85 2.00 0 0 0 0 0 0 0 0.80 0.05 0.15 2.00 
62T091 48.87 0 33.24 0 1.17 0 0.69 0 0.63 8.78 5.34 98.72 3.26 0.74 1.87 0 0.04 0.03 0 0.07 0 0.08 0.75 0.03 0.14 2.00 
62T091 47.95 0 36.63 0 0.17 0 0.00 0.11 0.30 9.22 5.48 99.85 3.15 0.85 1.99 0 0 0.01 0 0 0.01 0.04 0.77 0.04 0.14 2.00 
62T091 47.77 0 34.49 0 0.89 0 0.52 0 0.41 9.27 5.34 98.69 3.19 0.81 1.90 0 0.03 0.02 0 0.05 0 0.05 0.79 0.06 0.10 2.00 
64T117 48.28 0 36.54 0 0.17 0 0 0 0.82 8.35 5.54 99.70 3.17 0.83 1.99 0 0 O.D1 0 0 0 0.10 0.70 0.03 0.17 2.00 
64T117 45.72 0.13 35.62 0 1.14 0 0.26 0 0.54 10.07 4.79 98.26 3.08 0.92 1.90 0.01 0.01 0.05 0 0.03 0 0.07 0.86 0.02 0.05 2.00 
64T117 47.18 0 36.35 0 0.52 0 0 0 0.79 8.88 5.23 98.95 3.13 0.87 1.97 0 0 0.03 0 0 0 0.10 0.75 0.02 0.13 2.00 
64T117 47.40 0.15 34.88 0 1.26 0 0.53 0 0.86 8.69 5.40 99.17 3.14 0.86 1.87 0.01 0.03 0.04 0 0.05 0 0.11 0.74 0.08 0.07 2.00 
64T117 45.59 0.24 35.65 0 1.61 0 0.40 0 0.43 10.23 4.96 99.11 3.05 0.95 1.86 0.01 0.02 0.07 0 0.04 0 0.06 0.87 0.o7 0 2.00 
64T117 46.83 0.07 35.48 0 1.20 0 0.37 0 0.48 9.69 5.17 99.30 3.11 0.89 1.89 0 0.02 0.05 0 0.04 0 0.06 0.82 0.06 0.06 2.00 
64T117 45.35 0.37 35.43 0 1.82 0 0.15 0 0.39 10.01 4.94 98.46 3.05 0.95 1.86 0.02 0.01 0.09 0 0.01 0 0.05 0.86 0.04 0.05 2.00 
64T117 45.93 0.15 35.74 0 1.20 0 0 0 0.46 9.72 4.95 98.15 3.09 0.91 1.92 0.01 0 0.07 0 0 0 0.06 0.83 O.D1 0.10 2.00 
64T117 47.70 0 36.17 0 0.97 0 0 0 0.88 8.95 5.17 99.85 3.14 0.86 1.95 0 0 0.05 0 0 0 0.11 0.75 0 0.14 2.00 
64T117 47.26 0.19 34.88 0 1.31 0 0.49 0 0.61 9.94 4.87 99.55 3.14 0.86 1.87 O.D1 0.03 0.05 0 0.05 0 0.08 0.84 0 0.08 2.00 
82T085 49.40 0 34.83 0 0.10 0 0.27 0 0 9.31 5.53 99.44 3.26 0.74 1.97 0 0.01 0 0 0.03 0 0 0.78 0 0.22 2.00 
82T085 48.43 0 34.60 0 0.14 0 0.19 0.08 0.96 9.30 4.82 98.51 3.24 0.76 1.97 0 0.01 0 0 0.02 0.01 0.12 0.79 0 0.08 2.00 
82T085 50.15 0 35.31 0 0.26 0 0.15 0.00 0 8.81 5.91 100.59 3.26 0.74 1.97 0 0.01 0.01 0 0.01 0 0 0.73 0.03 0.24 2.00 
82T085 50.67 0 35.71 0 0.15 0 0.11 0.07 0 8.80 5.96 101 .46 3.27 0.73 1.98 0 0.01 0 0 0.01 0 0 0.72 0.02 0.25 2.00 
82T085 49.52 0 35.75 0 0.23 0 0 0.o7 0 9.61 5.48 100.67 3.24 0.76 1.99 0 0.00 0.01 0 0 0 0 0.80 0 0.19 2.00 
82T085 49.11 0 35.74 0 0.18 0 0.11 0.08 0 9.44 5.51 100.17 3.22 0.78 1.98 0 0.01 0 0 O.D1 0.01 0 0.79 0 0.21 2.00 
82T085 47.96 0 35.05 0 0.21 0 0.09 0.16 0 9.16 5.42 98.06 3.21 0.79 1.98 0 0.01 0.01 0 0.01 0.01 0 0.78 0.01 0.20 2.00 
82T085 48.62 0 35.34 0 0.57 0 0.37 0.07 0.16 9.93 5.21 100.27 3.20 0.80 1.93 0 0.02 0.01 0 0.04 0 0.02 0.83 0 0.14 2.00 
82T085 50.65 0 35.33 0 0.09 0 0.22 0.06 0 8.97 5.81 101.14 3.28 0.72 1.97 0 0 0 0 0.02 0 0 0.74 0 0.26 2.00 
86T058 48.98 0.06 34.13 0 0.45 0 1.46 1.34 1.02 4.81 7.09 99.35 3.20 0.80 1.83 0 0.02 0 0 0.14 0.09 0.13 0.40 0.34 0.04 2.00 
86T058 51 .03 0 33.49 0 0.60 0 0.66 0.27 0.48 6.58 6.59 99.69 3.33 0.67 1.90 0 0.01 0.02 0 0.06 0.02 0.06 0.55 0.12 0.25 2.00 
86T058 50.40 0 33.11 0 0.54 0 0.80 0.40 0.68 5.98 6.63 98.55 3.32 0.68 1.89 0 0.01 0.02 0 0.08 0.03 0.09 0.50 0.15 0.23 2.00 
86T058 49.81 0.09 33.92 0 0.81 0 2.24 0.26 0.49 7.36 7.02 102.00 3.18 0.82 1.74 0 0 0.04 0 0.21 0.02 0.06 0.60 0.35 0.00 2.00 
86T058 49.64 0 34.18 0 0.73 0 1.65 0.33 0.56 6.46 7.23 100.78 3.20 0.80 1.80 0 0.03 0.01 0 0.16 0.02 0.07 0.53 0.36 0.01 2.00 
86T058 51 .24 0 34.51 0 0.27 0 1.39 0.64 0.35 6.50 7.16 102.05 3.26 0.74 1.85 0 0.01 0 0 0.13 0.04 0.04 0.53 0.27 0.12 2.00 
86T058 50.66 0 35.68 0 0.18 0 0.43 1.94 1.19 4.63 6.59 101 .29 3.25 0.75 1.95 0 0.01 0 0 0.04 0.13 0.15 0.38 0.14 0.20 2.00 
86T059 51 .54 0 34.69 0 1.00 0 0.53 0.14 0 8.83 6.14 102.86 3.29 0.71 1.90 0 0.03 0.02 0 0.05 0.01 0 0.72 0.07 0.20 2.00 
86T059 51.05 0 35.16 0 0.54 0 0.91 1.18 1.22 4.83 7.05 101.94 3.25 0.75 1.89 0 0.03 0 0 0.09 0.08 0.15 0.39 0.24 0.14 2.00 
86T059 49.92 0.08 34.67 0 1.15 0 0.65 0.19 0.45 8.64 5.88 101.63 3.23 0.77 1.87 0 0.04 0.03 0 0.06 0.01 0.06 0.71 0.10 0.12 2.00 
86T059 47.59 0.30 33.08 0 2.70 0 1.92 0.19 0 8.1 0 6.90 100.78 3.11 0.89 1.65 0.01 0.00 0.15 0 0.19 0.01 0 0.67 0.38 0 2.00 
86T059 48.94 0.17 31 .84 0 2.16 0 1.04 0.11 0 9.15 5.70 99.12 3.26 0.74 1.77 0.01 0.06 0.06 0 0.10 0.01 0 0.78 0.11 0.10 2.00 
86T059 49.00 0 31 .33 0 0.93 0 1.50 0.45 0.96 6.24 6.24 96.65 3.31 0.69 1.80 0 0.05 0 0 0.15 0.03 0.13 0.54 0.20 0.10 2.00 
86T059 49.37 0 33.15 0 0.88 0 0.85 0.16 0.48 8.46 5.63 98.98 3.27 0.73 1.87 0 0.05 0 0 0.08 0.01 0.06 0.72 0.07 0.14 2.00 
86T059 50.38 0.11 33.06 0 1.68 0 1.12 0.17 0.26 8.66 6.07 101.51 3.27 0.73 1.80 0.01 0.06 0.03 0 0.11 0.01 0.03 0.72 0.15 0.09 2.00 
86T059 50.95 0.12 29.83 0 1.90 0 1.20 0.19 0.27 8.35 5.58 98.39 3.41 0.59 1.77 0.01 0.07 0.04 0 0.12 0.01 0.04 0.71 0.02 0.22 2.00 
86T059 49.24 0.15 32.03 0 2.54 0 1.51 0.17 0.30 9.26 5.79 100.98 3.23 0.77 1.71 0.01 0.09 0.05 0 0.15 O.D1 0.04 0.77 0.18 0 2.00 
86T059 51 .17 0 34.95 0 1.03 0 0.52 0.17 0.55 8.32 6.00 102.70 3.27 0.73 1.90 0 0.03 0.03 0 0.05 O.D1 0.07 0.68 0.07 0.17 2.00 
0 = Below detection limit 

Appendix E F1-5 
Electron-microprobe analyses of potassic white mica plus crystal stoichiometry 
Sample Si02 I Ti02 I Al203 I Cr203 I FeO I MnO I MgO I Cao I Na20 I K20 I H20 Total Si I Al1e1 I Aloc1 I Ti I Fe2• I Fe3• I Mn I Mg I Ca I Na I K \ H3o • \ H20 I OH 
Wt.% 0 xides Atoms per formula unit 
86T061 48.46 0.15 35.26 0 1.55 0 0.79 0.16 1.01 7.82 6.00 101 .20 3.14 0.86 1.83 0.01 0.02 0.07 0 0.08 0.01 0.13 0.65 0.16 0.06 2.00 
86T061 50.83 0.12 34.51 0 1.09 0 0.67 0.25 1.15 7.19 5.99 101.80 3.26 0.74 1.87 0.01 0.01 0.05 0 0.06 0.02 0.14 0.59 0.06 0.19 2.00 
86T061 46.95 0.16 34.67 0 1.51 0 0.64 0.21 0.84 7.58 5.96 98.51 3.13 0.87 1.84 0.01 0.01 0.07 0 0.06 0.01 0.11 0.64 0.18 0.05 2.00 
86T061 48.88 0.16 35.49 0 1.20 0 0.59 0.38 1.08 7.1 8 6.10 101.06 3.16 0.84 1.87 0.01 0.01 0.05 0 0.06 0.03 0.14 0.59 0.14 0.11 2.00 
86T061 48.42 0.11 35.65 0 1.18 0 0.51 0.33 1.36 7.27 5.80 100.62 3.15 0.85 1.88 0.01 0.01 0.05 0 0.05 0.02 0.17 0.60 0.11 0.09 2.00 
86T061 49.89 0 33.47 0 0.70 0 0.48 1.22 0.64 4.83 6.86 98.08 3.30 0.70 1.91 0 0.01 0.03 0 0.05 0.09 0.08 0.41 0.18 0.24 2.00 
0 = Below detection limit 

Appendix E2 F2-1 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File OCT-OH-). SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD11 716627 505636 1289 10.80 10.81 11T001 2204.6 0.48 110 0.02 4 30 140 2 
TMPD11 716627 505634 1286 14.85 14.86 11T002 2192.9 0.31 80 0.01 3 30 130 2 
TMPD11 716627 505632 1283 17.75 17.76 11T003 2190.3 0.20 80 0.01 3 30 130 2 
TMPD11 716627 505631 1282 19.55 19.56 11T004 2195.5 0.24 80 0.01 3 30 130 2 
TMPD11 716627 505629 1276 25.35 25.36 11T006 2206.8 0.34 85 0.04 3 25 110 2 
TMPD11 716627 505627 1274 28.60 28.61 11T007 2203.7 0.22 65 0.02 2 25 95 2 
TMPD11 716627 505624 1268 35.20 35.21 11T009 2189.0 0.18 75 0.02 1 30 90 2 
TMPD11 716627 505622 1265 38.20 38.21 11T010 2188.2 0.16 70 0.01 1 35 85 2 
TMPD11 716627 505621 1263 41 .10 41.11 11T011 2203.3 0.24 70 0.01 1 35 85 2 
TMPD11 716627 505618 1258 46.30 46.31 11T013 2186.6 0.22 95 0.07 1 25 85 2 
TMPD11 716627 505617 1256 49.30 49.31 11T014 2200.3 0.19 95 0.07 1 25 85 2 
TMPD11 716627 505616 1253 52.00 52.01 11T015 2192.0 0.54 140 O.D1 3 30 95 2 
TMPD11 716627 505614 1250 55.30 55.31 11T016 2193.4 0.37 140 0.01 3 30 95 2 
TMPD11 716627 505612 1247 58.75 58.76 11T017 2188.3 0.29 65 0.02 1 30 70 2 
TMPD11 716627 505611 1245 61 .00 61 .01 11T018 2185.1 0.33 65 0.02 1 30 70 2 
TMPD11 716627 505608 1240 67.30 67.31 11T020 2183.3 0.33 200 0.02 1 40 65 2 
TMPD11 716627 505607 1237 70.30 70.31 11T021 2189.9 0.39 65 0.01 1 30 70 2 
TMPD11 716627 505606 1235 73.00 73.01 11T022 2182.4 0.35 65 0.01 1 30 70 2 
TMPD1 1 716627 505604 1232 76.00 76.01 11T023 2186.7 0.41 65 0.03 1 35 85 2 
TMPD11 716627 505602 1228 81.00 81.01 11T025 2192.0 0.33 210 0.04 1 40 80 2 
TMPD11 716628 505600 1225 84.00 84.01 11T026 2192.4 0.42 210 0.04 1 40 80 2 
TMPD11 716628 505599 1222 87.00 87.01 11T027 2188.0 0.44 45 0.01 1 30 85 2 
TMPD1 1 716628 505597 1220 90.00 90.01 11T028 2188.1 0.32 45 0.01 1 30 85 2 
TMPD11 716628 505596 1217 93.00 93.01 11T029 2188.1 0.37 120 O.D1 1 30 90 2 
TMPD11 716628 505594 1214 96.30 96.31 11T030 2198.5 0.45 120 O.D1 1 30 90 2 
TMPD11 716628 505593 1211 99.75 99.76 11T031 2185.7 0.44 80 0.02 1 35 90 2 
TMPD11 716628 505592 1209 102.00 102.01 11T032 2182.6 0.27 80 0.02 1 35 90 2 
TMPD11 716628 505590 1206 105.30 105.31 11T033 2184.1 0.23 40 0.02 3 40 120 2 
TMPD11 716628 505589 1204 108.30 108.31 11T034 2189.0 0.46 40 0.02 3 40 120 2 
TMPD11 716628 505587 1201 111 .70 111.71 11T035 2190.1 0.51 55 0.01 1 30 75 2 
TMPD11 716628 505586 1197 115.30 115.31 11T036 2196.0 0.40 55 0.01 1 30 75 2 
TMPD11 716628 505583 1192 121.55 121 .56 11T038 2190.3 0.45 60 0.01 1 30 90 5 
TMPD11 716628 505581 1189 124.55 124.56 11T039 2189.1 0.30 90 0.01 3 35 120 2 
TMPD11 716628 505580 1187 127.00 127.01 11T040 2188.3 0.68 90 0.01 3 35 120 2 
TMPD11 716628 505579 1184 130.00 130.01 11T041 2189.3 0.67 70 0.02 5 30 100 2 
TMPD11 716628 505578 1182 133.00 133.01 11T042 2193.5 0.61 70 0.02 5 30 100 2 
TMPD11 716628 505576 1179 136.00 136.01 11T043 2192.6 0.68 75 0.02 1 35 100 2 
TMPD11 716628 505575 1176 139.00 139.01 11T044 2197.9 0.61 75 0.02 1 35 100 2 
TMPD11 716628 505574 1174 142.00 142.01 11T045 2202.1 0.91 65 0.02 1 30 80 2 
TMPD11 716628 505572 1170 145.75 145.76 11T046 2205.2 0.85 70 0.04 1 30 65 2 
TMPD11 716628 505571 1168 148.75 148.76 11T047 2186.3 0.49 220 0.01 5 55 80 2 
TMPD11 716628 505569 1165 151 .75 151.76 11T048 2189.9 0.97 670 0.58 6 55 140 15 
TMPD11 716628 505568 1162 154.50 154.51 11T049 2192.8 1.07 820 0.43 21 140 190 65 
TMPD11 716628 505567 1160 157.20 157.21 11T050 2198.3 0.72 250 0.04 3· 110 180 5 
TMPD11 716628 505566 1158 159.80 159.81 11T051 2193.7 0.98 110 0.02 3 60 320 2 
TMPD11 716628 505565 1156 162.00 162.01 11T052 2191 .1 1.57 1500 0.05 23 260 370 5 
TM PD11 716628 505563 1153 165.00 165.01 11T053 2199.8 1.04 1200 0.10 70 360 470 15 
TMPD11 716629 505559 1145 174.40 174.41 11T056 2200.3 0.87 950 0.01 7 130 120 5 
TMPD11 716629 505558 1142 177.40 177.41 11T057 2192.1 1.20 380 0.10 5 160 270 25 
TMPD11 716629 505557 1139 180.60 180.61 11T058 2204.6 1.03 370 0.03 17 150 320 10 
TMPD11 716629 505554 1133 187.00 187.01 11T060 2189.6 0.94 5600 0.16 1450 25 55 35 
TMPD11 716629 505553 1131 190.00 190.01 11T061 2194.3 1.49 5100 0.18 22 20 50 5 
TMPD11 716629 505551 1128 193.00 193.01 11T062 2201 .9 1.26 4900 0.35 5 25 100 5 
TMPD1 1 716629 505550 11 25 196.00 196.01 11T063 2202.9 1.22 4100 0.20 35 25 85 15 
TMPD11 716629 505547 1120 202.00 202.01 11T065 2204.2 1.39 6000 0.54 13 20 70 5 
TMPD11 716629 505546 1117 205.00 205.01 11T066 2204.8 1.31 5600 0.52 10 20 120 2 
TMPD11 716629 505543 1111 211.40 211.41 11T068 2195.4 1.24 7700 0.75 3 35 130 5 
TMPD11 716629 505542 1109 214.40 214.41 11T069 2192.6 1.44 4900 0.45 6 30 50 5 
TMPD11 716629 505539 1104 220.00 220.01 11T071 2196.3 1.62 6300 0.47 25 35 160 15 
TMPD11 716629 505535 1095 229.00 229.01 11T074 2194.8 1.29 3300 0.37 3 25 190 5 
TMPD11 716629 505533 1091 234.00 234.01 11T076 2194.9 1.72 1900 0.16 12 55 140 5 
TMPD11 716629 505532 1088 237.00 237.01 11T077 2195.3 2.07 2200 0.14 13 35 50 15 
TMPD11 716629 505531 1086 240.00 240.01 11T078 2193.6 0.91 1600 0.20 6 40 35 20 
TMPD11 716629 505529 1083 243.00 243.01 11T079 2193.3 1.40 2000 0.07 12 50 40 65 
TMPD1 1 716629 505523 1069 258.40 258.41 11T084 2192.3 1.35 30200 0.64 200 50 65 25 
TMPD11 716629 505520 1063 264.80 264.81 11T086 2195.1 2.29 370 0.04 5 40 40 15 
TMPD11 716629 505517 1057 271 .30 271.31 11T088 2193.9 1.72 1200 0.12 90 50 110 25 
Appendix E2 F2-2 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File OCT-OH-A. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD11 716629 505516 1055 274.30 274.31 11T089 2193.5 1.91 3600 0.07 4 40 85 5 
TMPD11 716629 505511 1043 287.00 287.01 11T093 2193.3 2.06 1600 0.03 3 55 45 15 
TMPD11 716629 505510 1040 290.00 290.01 11T094 2195.7 1.94 950 0.01 4 65 85 10 
TMPD11 716629 505508 1037 293.00 293.01 11T095 2195.7 1.94 970 0.01 3 40 90 5 
TMPD11 716629 505507 1034 297.00 297.01 11T096 2198.3 4.17 550 0.02 6 40 100 5 
TMPD11 716629 505505 1031 300.50 300.51 11T097 2194.2 1.06 1600 0.02 5 75 95 15 
TMPD11 716629 505504 1028 303.50 303.51 11T098 2193.8 7.64 2200 0.01 6 25 25 30 
TMPD11 716629 505503 1025 306.45 306.46 11T099 2194.5 5.51 4300 0.04 10 30 20 30 
TMPD11 716629 505502 1022 309.45 309.46 11T100 2195.4 2.80 3100 0.03 6 30 50 2 
TMPD11 716629 505500 1020 312.60 312.61 11T101 2195.7 1.84 2000 0.02 2 35 95 10 
TMPD11 716629 505498 1014 319.00 319.01 11T103 2204.4 0.52 3100 0.05 3 30 110 15 
TMPD11 716629 505497 1012 321.20 321 .21 11T104 2193.5 2.12 3600 0.04 2 35 75 15 
TMPD13 716323 506050 1266 91.30 91.31 13T029 2207.8 0.27 140 0.03 1 25 95 2 0.5 
TMPD13 716323 506051 1265 93.00 93.01 13T030 2207.6 0.40 140 0.03 1 25 95 2 0.5 
TMPD13 716323 506052 1263 95.35 95.36 13T031 2204.3 0.32 100 0.02 1 20 75 2 0.5 
TMPD13 716323 506053 1261 97.50 97.51 13T032 2202.6 0.29 100 0.02 1 20 75 2 0.5 
TMPD13 716323 506054 1258 100.00 100.01 13T033 2208.5 0.21 100 0.02 1 20 75 2 0.5 
TMPD13 716323 506055 1257 102.10 102.11 13T034 2203.7 0.29 170 0.04 2 35 110 2 0.8 
TMPD13 716323 506056 1254 105.00 105.01 13T035 2205.3 0.29 170 0.04 2 35 110 2 0.8 
TMPD13 716323 506058 1250 109.75 109.76 13T036 2206.5 0.23 110 0.03 1 30 95 2 0.7 
TMPD13 716323 506060 1247 112.70 112.71 13T037 2206.5 0.40 110 0.03 1 30 95 2 0.7 
TMPD13 716323 506061 1245 115.40 115.41 13T038 2209.9 0.21 95 0.03 2 30 65 2 0.4 
TMPD13 716323 506062 1243 117.80 117.81 13T039 2206.8 0.27 95 0.03 2 30 65 2 0.4 
TMPD13 716323 506064 1239 121.40 121.41 13T040 2210.0 0.18 210 0.04 1 30 70 2 0.5 
TMPD13 716323 506066 1235 126.20 126.21 13T041 2207.7 0.41 160 0.03 4 30 60 2 0.5 
TMPD13 716323 506067 1233 128.70 128.71 13T042 2205.1 0.37 160 0.03 4 30 60 2 0.5 
TMPD13 - - - 131.30 131.30 13T043 2209.6 0.14 340 0.03 3 25 75 10 0.2 
TMPD13 716323 506069 1228 134.40 134.41 13T044 2207.9 0.09 340 0.03 3 25 75 10 0.2 
TMPD13 716323 506071 1225 137.30 137.31 13T045 2206.1 0.34 390 0.03 2 30 110 5 0.3 
TMPD13 716323 506072 1222 140.80 140.81 13T046 2194.5 0.67 390 0.03 2 30 110 5 0.3 
TMPD13 716323 506073 1220 143.25 143.26 13T048 2207.3 0.24 460 0.03 3 30 80 2 0.5 
TMPD13 716323 506075 1217 146.65 146.66 13T049 2204.8 0.28 460 0.03 3 30 80 2 0.5 
TMPD13 716323 506076 1214 149.25 149.26 13T051 2205.3 0.63 460 0.06 6 40 95 2 0.5 
TMPD13 716323 506078 1211 152.60 152.61 13T052 2200.4 0.38 230 0.03 5 35 80 2 0.5 
TMPD13 716323 506079 1209 155.75 155.76 13T053 2196.3 0.92 130 0.03 4 35 90 2 0.5 
TMPD13 716323 506081 1205 159.55 159.56 13T054 2198.6 0.55 280 0.02 4 45 70 10 0.3 
TMPD13 716323 506083 1200 165.60 165.61 13T056 2192.7 0.85 370 0.02 8 45 80 15 0.2 
TMPD13 716323 506086 1195 171.30 171.31 13T058 2193.9 1.22 420 0.04 13 35 170 2 0.5 
TMPD13 716323 506087 1192 174.25 174.26 13T059 2203.4 0.42 110 0.03 6 50 230 2 0.6 
TMPD13 716323 506088 1189 177.10 177.11 13T060 2203.5 0.65 180 0.03 3 50 340 2 0.8 
TMPD13 716323 506090 1186 180.80 180.81 13T061 2196.8 1.24 210 0.04 2 60 260 2 0.7 
TMPD13 716323 506091 1183 184.20 184.21 13T062 2195.0 1.95 1200 0.06 3 35 95 15 0.5 
TMPD13 716323 506096 1171 196.90 196.91 13T065 2185.6 1.07 490 0.02 4 70 35 15 0.2 
TMPD13 716323 506098 1168 200.70 200.71 13T066 2192.2 1.62 1300 0.04 2 45 25 15 0.2 
TMPD13 716323 506099 1166 203.10 203.11 13T067 2194.3 1.62 320 0.02 2 30 45 5 0.3 
TMPD13 716323 506102 1159 209.95 209.96 13T069 2188.6 1.08 670 0.07 2 30 30 30 0.5 
TMPD13 716323 506103 1157 212.65 212.66 13T070 2191.1 1.15 1700 0.04 1 25 40 45 0.4 
TMPD13 716323 506107 1149 221.40 221.41 13T072 2193.5 1.43 160 0.03 1 25 150 10 0.8 
TMPD13 716323 506108 1146 224.20 224.21 13T073 2194.6 0.97 320 0.03 1 45 160 5 0.5 
TMPD13 716323 506109 1144 226.50 226.51 13T074 2193.9 0.92 320 0.03 1 45 160 5 0.5 
TMPD13 716323 506111 1138 233.30 233.31 13T076 2203.9 0.30 130 0.25 1 45 150 5 0.7 
TMPD13 716323 506113 1135 236.30 236.31 13T077 2198.6 0.64 240 0.02 1 40 160 20 0.3 
TMPD13 716323 506114 1133 239.10 239.11 13T078 2207.1 0.17 240 0.02 1 40 160 20 0.3 
TMPD13 716323 506117 1126 246.35 246.36 13T079 2206.9 0.26 200 0.02 1 35 95 2 0.2 
TMPD13 716323 506118 1122 251.00 251.01 13T081 2206.7 1.22 130 0.02 1 25 95 2 0.5 
TMPD13 716323 506120 1119 254.50 254.51 13T082 2193.9 1.45 810 0.03 3 40 75 35 0.4 
TMPD13 716323 506121 1116 257.15 257.16 13T083 2201.6 0.85 320 0.03 1 25 65 2 0.2 
TMPD13 716323 506122 1113 260.50 260.51 13T084 2195.8 1.01 840 0.03 1 30 60 2 0.4 
TMPD13 716323 506124 1110 264.00 264.01 13T085 2196.8 0.44 590 0.04 1 45 65 20 0.5 
TMPD13 716323 506125 1107 266.90 266.91 13T086 2205.1 1.04 550 0.04 1 55 110 5 0.3 
TMPD13 716323 506126 1105 269.65 269.66 13T087 2205.6 1.32 190 0.04 1 60 210 5 0.5 
TMPD13 716323 506127 1102 272.25 272.26 13T088 2205.2 1.13 190 0.04 1 60 210 5 0.5 
TMPD13 716323 506128 1099 275.90 275.91 13T089 2204.5 1.07 240 0.04 2 80 200 5 0.6 
TMPD13 716323 506129 1097 278.20 278.21 13T090 2205.9 1.29 240 0.04 2 80 200 5 0.6 
TMPD13 716323 506130 1094 281 .65 281.66 13T091 2205.6 1.38 450 0.03 2 45 170 20 0.6 
TMPD13 716323 506132 1091 284.70 284.71 13T092 2198.0 1.96 450 0.03 2 45 170 20 0.6 
TMPD13 716323 506133 1088 287.60 287.61 13T093 2204.6 1.01 250 0.02 1 25 65 30 0.2 
Appendix E2 E2-3 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File OCT-OH-A. sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD13 716323 506134 1085 290.85 290.86 13T094 2189.9 1.20 250 0.02 1 25 65 30 0.2 
TMPD13 716323 506135 1082 294.50 294.51 13T095 2191.0 0.69 1100 0.03 1 30 90 45 0.5 
TMPD13 716323 506136 1079 297.10 297.11 13T096 2200.8 0.52 400 0.03 1 120 290 10 0.5 
TMPD13 716323 506138 1076 300.35 300.36 13T097 2204.4 0.52 130 0.03 2 120 400 2 0.7 
TMPD13 716323 506139 1073 303.90 303.91 13T098 2201 .6 0.43 100 0.02 5 35 140 2 0.5 
TMPD13 716323 506140 1071 306.15 306.16 13T099 2205.4 0.52 180 0.04 5 25 120 2 0.6 
TMPD13 716323 506141 1067 310.05 310.06 13T100 2202.1 0.55 95 0.03 1 30 110 2 0.5 
TMPD13 716323 506142 1065 312.60 312.61 13T101 2202.1 0.43 
TMPD13 716323 506143 1063 314.75 314.76 13T102 2206.5 0.72 
TMPD14 716317 505699 1284 18.50 18.51 14T002 2205.1 0.27 110 0.02 8 90 210 2 0.8 0 
TMPD14 716317 505701 1280 23.85 23.86 14T004 2204.0 0.25 60 0.01 3 55 45 2 0.6 0.1 
TMPD14 716317 505703 1277 26.50 26.51 14T005 2202.8 0.25 60 0.01 3 55 45 2 0.6 0.1 
TMPD14 716317 505704 1275 28.80 28.81 14T006 2194.6 0.22 65 0.01 3 65 120 2 1.2 0 
TMPD14 716317 505705 1273 31.80 31 .81 14T007 2200.6 0.23 65 0.01 3 65 120 2 1.2 0 
TMPD14 716317 505705 1273 31 .90 31 .91 14T014 2183.1 0.16 75 0.01 2 60 90 2 1 0 
TMPD14 716317 505706 1271 34.00 34.01 14T008 2188.9 0.20 180 0.02 2 50 70 2 0.8 0 
TMPD14 716317 505707 1269 36.35 36.36 14T009 2186.7 0.24 180 0.02 2 50 70 2 0.8 0 
TMPD14 716317 505708 1266 38.80 38.81 14T010 2197.7 0.29 180 0.02 2 50 70 2 0.8 0 
TMPD14 716317 505710 1264 41 .30 41 .31 14T011 2197.4 0.24 160 0.02 4 55 75 2 1 0 
TMPD14 716317 505711 1262 43.60 43.61 14T012 2193.7 0.63 160 0.02 4 55 75 2 1 0 
TMPD14 716317 505712 1259 47.00 47.01 14T013 2191.0 0.25 75 0.01 2 60 90 2 1 0 
TMPD14 716317 505714 1256 51 .00 51 .01 14T016 2196.9 0.22 160 0.04 2 70 80 2 1.1 0 
TMPD14 716317 505716 1253 54.00 54.01 14T017 2200.3 0.37 160 0.04 2 70 80 2 1.1 0 
TMPD14 716317 505718 1249 59.10 59.11 14T018 2199.7 0.30 50 0.02 2 40 60 2 1 0 
TMPD14 716318 505720 1245 63.45 63.46 14T019 2185.4 0.29 50 0.02 2 40 60 2 1 0 
TMPD14 716318 505721 1242 66.65 66.66 14T020 2204.3 0.41 110 0.05 4 55 85 2 0.8 0.1 
TMPD14 716318 505726 1233 77.10 77.11 14T023 2200.7 0.26 100 0.05 3 55 110 2 1.2 0.1 
TMPD14 716318 505727 1230 80.00 80.01 14T024 2193.7 0.81 100 0.05 3 55 110 2 1.2 0.1 
TMPD14 716318 505729 1227 83.45 83.46 14T025 2186.5 0.29 85 0.03 4 55 100 2 1 0 
TMPD14 716318 505730 1225 85.05 85.06 14T026 2182.9 0.24 85 0.03 4 55 100 2 1 0 
TMPD14 716318 505731 1223 88.30 88.31 14T027 2186.7 0.39 190 0.02 2 60 90 15 0.8 0 
TMPD14 716318 505733 1218 93.60 93.61 14T029 2194.7 0.53 190 0.02 2 60 90 15 0.8 0 
TMPD14 716318 505735 1215 96.20 96.21 14T030 2192.8 1.02 190 0.02 2 60 90 15 0.8 0 
TMPD14 716319 505736 1212 100.00 100.01 14T031 2193.1 0.40 70 0.01 2 50 70 2 0.7 0 
TMPD14 716319 505738 1209 103.50 103.51 14T032 2197.6 0.51 85 0.09 2 70 70 2 1.2 0 
TMPD14 716319 505739 1207 105.90 105.91 14T033 2194.9 0.48 70 0.01 2 50 70 2 0.7 0 
TMPD14 716319 505740 1205 108.05 108.06 14T034 2197.0 0.42 70 0.01 2 50 70 2 0.7 0 
TMPD14 716320 505747 1190 124.10 124.11 14T039 2193.4 0.72 85 0.03 1 60 270 5 0.8 0 
TMPD14 716320 505748 1187 127.35 127.36 14T040 2190.8 0.47 95 0.08 4 65 100 5 1.3 0 
TMPD14 716320 505750 1182 133.40 133.41 14T042 2186.9 0.38 85 0.03 1 60 270 5 0.8 0 
TMPD14 716320 505752 1179 137.00 137.01 14T043 2190.8 0.83 95 0.03 5 40 160 2 1 0 
TMPD14 716320 505753 1175 140.50 140.51 14T044 2194.2 0.57 10 0.01 1 0 0 2 0.1 0 
TMPD14 716320 505755 1173 143.45 143.46 14T045 2195.2 0.95 160 0.01 5 30 130 2 0.8 0 
TMPD14 716320 505756 1170 146.60 146.61 14T046 2194.0 0.38 95 0.03 5 40 160 2 1 0 
TMPD14 716320 505757 1168 149.10 149.11 14T047 2194.5 1.06 10 0.01 1 0 0 2 0.1 0 
TMPD14 716322 505770 1138 181.10 181.11 14T058 2190.5 0.99 2300 0.07 115 50 65 55 0.8 0.1 
TMPD14 716323 505785 1105 217.50 217.51 14T070 2189.8 1.34 1700 0.12 10 150 45 2 0.5 0.1 
TMPD14 716324 505792 1087 237.15 237.16 14T077 2194.4 1.68 480 0.03 2 25 75 2 0.8 0.1 
TMPD14 716324 505793 1084 240.40 240.41 14T078 2190.0 0.69 1100 0.04 105 50 70 25 1 0.15 
TMPD14 716324 505795 1080 244.20 244.21 14T079 2188.0 0.91 160 0.03 3 20 100 10 1 0 
TMPD14 716325 505805 1055 271 .60 271 .61 14T089 2189.9 0.74 540 0.04 2 50 110 2 0.4 0 
TMPD14 716325 505807 1049 277.70 277.71 14T091 2189.4 0.67 450 0.04 2 65 260 5 1.3 0 
TMPD14 716325 505808 1046 280.50 280.51 14T092 2193.1 0.85 240 0.03 8 80 160 2 0.8 0.1 
TMPD14 716325 505809 1044 283.55 283.56 14T093 2192.2 0.46 400 0.04 3 60 70 5 0.8 0.1 
TMPD14 716325 505810 1041 285.90 285.91 14T094 2191.7 0.93 700 0.06 88 110 350 15 0.6 0.15 
TMPD14 716325 505812 1037 291 .15 291 .16 14T096 2206.2 0.28 370 0.03 2 90 200 5 0.7 0.1 
TMPD14 716325 505813 1034 294.20 294.21 14T097 2193.6 0.94 1200 0.04 90 90 50 2 0.7 0.1 
TMPD14 716325 505814 1031 297.15 297.16 14T098 2194.1 0.58 310 0.03 2 50 200 5 1 0.1 
TMPD15 716272 505050 1159 11 .00 11.01 15T001 2192.5 1.53 4300 0.21 16 55 120 25 3.4 0 
TMPD15 716272 505051 1156 13.70 13.71 15T002 2193.5 2.27 5600 0.15 48 55 110 20 2 0 
TMPD15 716272 505053 1154 16.65 16.66 15T003 2189.5 1.03 7300 0.12 8 60 110 15 1.4 0 
TMPD15 716272 505057 1146 25.55 25.56 15T006 2191 .7 0.86 5300 0.40 94 100 60 10 1 0 
TMPD15 716272 505059 1144 28.30 28.31 15T007 2194.1 1.69 6600 0.14 19 390 55 15 1.4 0 
TMPD15 716272 505060 1141 31 .25 31 .26 15T008 2192.5 1.47 950 0.33 26 65 30 25 4.5 0 
TMPD15 716272 505061 1139 33,25 33.26 15T009 2193.0 1.76 6300 0.36 6 85 60 25 3 0 
TMPD15 716272 505062 1137 36.20 36.21 15T010 2193.2 1.95 6800 0.40 8 140 50 25 1.6 0 
TMPD15 716272 505064 1134 38.95 38.96 15T011 2193.2 2.59 8900 0.34 375 140 140 25 2.8 0 
TMPD15 716272 505064 1133 39.85 39.86 15T012 2191 .5 1.44 2300 0.08 11 65 45 25 0.5 0 
Appendix E2 F2-4 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File OCT-OH-A. sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD15 716272 505065 1131 42.40 42.41 15T014 2192.1 1.41 2300 0.11 6 40 45 65 0.3 0 
TMPD15 716272 505071 1120 54.85 54.86 15T019 2196.6 0.94 3700 0.06 4 75 35 25 0.5 0 
TMPD15 716272 505072 1118 57.50 57.51 15T020 2192.2 1.08 1600 0.16 6 80 55 15 0.5 0 
TMPD15 716272 505073 1115 60.00 60.01 15T021 2191.4 1.00 1300 0.03 13 75 70 10 0.6 0 
TMPD15 716272 505074 1113 63.00 63.01 15T022 2192.4 1.46 2300 0.43 6 55 85 25 0.5 0 
TMPD15 716272 505076 1110 65.60 65.61 15T023 2190.1 1.1 0 1100 0.21 6 55 45 15 0.5 0 
TMPD15 716272 505078 1105 71.50 71.51 15T025 2196.8 0.84 970 0.03 6 70 50 15 0.4 0 
TMPD15 716272 505082 1098 79.90 79.91 15T028 2191.3 0.81 2000 1.17 11 60 95 15 0.8 0 
TMPD15 716272 505088 1086 93.30 93.31 15T032 2194.9 1.50 1200 0.08 5 80 40 20 0.8 0 
TMPD15 716272 505089 1083 96.00 96.01 15T033 2194.7 2.44 710 0.11 2 25 35 25 1 0 
TMPD15 716272 505098 1066 115.35 115.36 15T040 2192.5 1.58 2300 0.10 4 55 25 25 1 0 
TMPD15 716272 505099 1063 118.30 118.31 15T041 2193.3 2.02 20800 0.34 1700 90 180 15 2.6 0 
TMPD15 716272 505101 1061 121.40 121 .41 15T042 2191.6 1.30 2200 0.03 16 60 50 15 0.4 0 
TMPD15 716272 505108 1047 136.80 136.81 15T047 2192.5 1.70 3100 0.10 4 30 45 10 0.5 0 
TMPD15 716273 505109 1044 139.80 139.81 15T048 2192.7 2.34 3000 0.04 4 25 10 45 0.5 0 
TMPD15 716273 505110 1042 141 .90 141.91 15T049 2193.9 1.70 150 0.08 3 15 25 40 0.2 0 
TMPD15 716273 505111 1040 144.70 144.71 15T050 2192.1 1.62 600 0.06 4 20 5 45 0.3 0 
TMPD15 716273 505112 1037 147.50 147.51 15T051 2192.1 1.23 170 0.06 3 10 5 15 0.2 0 
TMPD15 716273 505114 1034 150.70 150.71 15T052 2192.1 1.18 90 0.04 3 15 10 15 0.3 0 
TMPD15 716273 505115 1032 153.40 153.41 15T053 2193.2 2.12 130 0.04 3 10 10 10 0.2 0 
TMPD15 716273 505116 1029 156.40 156.41 15T054 2193.0 1.18 440 0.11 4 20 20 15 0.6 0 
TMPD15 716273 505117 1027 159.40 159.41 15T055 2190.1 1.11 430 0.06 4 20 25 15 0.4 0 
TMPD15 716273 505119 1024 162.60 162.61 15T056 2193.9 1.35 660 0.08 4 25 15 45 0.4 0 
TMPD15 716273 505120 1021 165.55 165.56 15T057 2190.1 1.17 730 0.08 6 25 15 120 0.5 0 
TMPD15 716273 505122 1018 168.80 168.81 15T058 2193.1 2.44 2500 0.28 7 25 40 110 0.3 0 
TMPD15 716273 505124 1013 173.90 173.91 15T060 2193.2 1.70 1300 0.06 8 45 10 25 0.2 0 
TMPD15 716273 505127 1008 180.50 180.51 15T062 2194.5 0.90 3400 0.04 7 95 140 35 0.5 0 
TMPD15 716273 505128 1004 183.85 183.86 15T063 2195.8 1.04 3400 0.06 2 40 35 15 1 0 
TMPD15 716273 505129 1002 186.40 186.41 15T064 2191.5 1.09 6000 0.13 4 50 30 15 1.1 0 
TMPD15 716273 505131 999 189.95 189.96 15T065 2196.8 3.18 2900 0.10 12 65 50 15 0.5 0 
TMPD15 716273 505133 994 195.60 195.61 15T067 2194.7 0.85 2500 0.05 2 40 80 15 0.7 0 
TMPD15 716273 505134 991 198.45 198.46 15T068 2194.1 1.07 2900 0.08 2 45 80 15 1.3 0 
TMPD15 716273 505135 989 201.00 201.01 15T069 2197.1 2.28 3500 0.08 2 55 50 15 1.5 0 
TMPD15 716273 505137 986 204.10 204.11 15T070 2194.0 1.27 2700 0.06 4 55 55 15 1.5 0 
TMPD15 716274 505138 983 207.50 207.51 15T071 2192.4 1.21 2500 0.05 21 50 100 25 1 0 
TMPD15 716274 505139 981 210.30 210.31 15T072 2192.5 1.13 3400 0.05 19 70 100 35 1 0 
TMPD15 716274 505140 978 213.30 213.31 15T073 2198.7 1.05 2200 0.04 49 85 95 20 0.4 0 
TMPD15 716274 505142 975 216.10 216.11 15T074 2193.8 1.52 2400 0.04 24 65 40 20 0.3 0 
TMPD15 716274 505144 969 222.85 222.86 15T076 2195.2 2.04 3600 0.09 14 100 95 35 0.7 0 
TMPD15 716274 505147 964 228.00 228.01 15T078 2196.2 1.36 1800 0.40 4 40 15 25 0.5 0 
TMPD15 716274 505148 962 231.00 231 .01 15T079 2194.6 0.78 930 0.37 3 75 20 25 0.8 0 
TMPD15 716274 505153 950 244.00 244.01 15T083 2193.3 0.91 870 0.10 19 45 25 20 1 0 
TMPD15 716274 505155 945 249.60 249.61 15T086 2204.9 0.53 220 0.03 3 55 120 2 0.6 0 
TMPD15 716274 505158 939 255.40 255.41 15T088 2199.7 1.48 1400 0.04 2 30 30 10 1.4 0 
TMPD15 716274 505159 936 258.60 258.61 15T089 2200.6 2.44 1800 0.11 3 40 45 5 1 0 
TMPD15 716274 505160 934 261.40 261.41 15T090 2202.4 0.29 740 0.03 2 35 25 5 0.6 0 
TMPD15 716274 505161 932 263.80 263.81 15T091 2203.3 0.91 980 0.11 2 30 30 20 1.2 0 
TMPD15 716274 505165 923 273.55 273.56 15T093 2202.7 1.13 2000 0.10 1 35 25 15 1 0 
TMPD15 716274 505166 920 276.70 276.71 15T094 2200.8 1.88 1200 0.08 1 40 35 25 1 0 
TMPD15 716274 505167 917 279.55 279.56 15T095 2201 .9 0.93 6200 0.30 2 40 70 25 2.4 0 
TMPD15 716274 505170 912 285.40 285.41 15T097 2202.9 2.76 1800 0.07 1 35 45 10 1.6 0 
TMPD15 716275 505171 908 289.50 289.51 15T098 2199.9 1.00 2400 0.10 2 150 40 10 1 0 
TMPD15 716275 505174 902 296.60 296.61 15T100 2201 .0 2.03 980 0.06 1 60 100 15 1.5 0 
TMPD16 716269 504789 1077 9.00 9.01 16T001 2191.0 1.09 1400 0.17 250 60 150 15 1.2 0.35 
TMPD16 716269 504791 1074 11 .60 11.61 16T002 2194.2 2.12 4300 1.23 460 100 50 25 4.8 0.45 
TMPD16 716269 504792 1072 14.30 14.31 16T003 2193.3 1.40 4700 0.19 24 80 70 15 1 0.1 
TMPD16 716269 504798 1062 25.40 25.41 16T007 2191.2 1.37 870 0.08 7 85 55 10 0.2 0.1 
TMPD16 716269 504800 1058 30.00 30.01 16T009 2193.2 1.33 2100 0.43 4 35 70 25 1 0.05 
TMPD16 716269 504802 1056 33.15 33.16 16T010 2189.5 1.72 940 0.07 3 30 35 2 0.3 0 
TMPD16 716269 504803 1053 36.10 36.11 16T011 2190.2 1.40 2400 0.25 8 55 40 35 0.5 0.1 
TMPD16 716269 504804 1051 39.00 39.01 16T012 2192.6 1.54 1100 0.11 3 45 50 5 0.2 0.05 
TMPD16 716269 504806 1048 42.00 42.01 16T013 2191 .3 1.27 620 0.13 24 110 25 25 0.2 0.05 
TMPD16 716269 504809 1044 47.25 47.26 16T015 2186.0 1.64 1700 0.13 41 40 30 35 0.3 0.1 
TMPD16 716269 504812 1038 53.30 53.31 16T017 2201 .0 1.84 180 0.04 11 30 50 85 0.2 0.05 
TMPD16 716269 504816 1030 62.40 62.41 16T020 2195.6 1.26 800 0.08 4 40 75 10 0.2 0.15 
TMPD16 716269 504818 1028 65.20 65.21 16T021 2193.8 0.73 5100 0.25 28 120 55 65 0.6 0.2 
TMPD16 716269 504819 1026 67.65 67.66 16T022 2195.2 1.69 1200 0.08 39 90 55 10 0.5 0.15 
TMPD16 716269 504820 1024 70.35 70.36 16T023 2195.7 2.36 3400 0.12 24 180 45 45 1 0.1 
Appendix E2 F2-5 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File OCT-OH-A SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD16 716269 504821 1021 73.00 73.01 16T024 2193.2 1.49 3500 0.07 25 55 55 25 0.8 0.05 
TMPD16 716269 504823 1019 76.10 76.11 16T025 2193.5 0.88 950 0.09 5 60 100 5 1 0.1 
TMPD16 716269 504824 1016 78.55 78.56 16T026 2199.0 0.57 4000 0.08 6 75 140 5 0.8 0 
TMPD16 716269 504829 1009 87.40 87.41 16T029 2196.9 0.84 1600 0.09 15 110 50 65 0.3 0.15 
TMPD16 716269 504830 1007 90.00 90.01 16T030 2193.3 1.59 850 0.06 4 35 25 45 0.3 0.05 
TMPD16 716269 504831 1005 91 .50 91 .51 16T031 2197.8 0.95 850 0.06 4 35 25 45 0.3 0.05 
TMPD16 716269 504832 1003 94.00 94.01 16T032 2200.0 0.80 970 0.05 2 65 40 30 0.2 0.1 
TMPD16 716269 504835 998 99.70 99.71 16T034 2191 .7 1.49 940 0.11 4 40 30 40 0.3 0.15 
TMPD16 716269 504838 992 106.75 106.76 16T037 2206.3 1.20 670 0.04 3 130 150 10 0.3 0.2 
TMPD16 716269 504840 989 109.85 109.86 16T038 2193.9 1.53 1600 0.04 4 65 40 45 0.2 0.2 
TMPD16 716269 504841 988 111 .90 111 .91 16T039 2193.2 1.73 1700 0.06 19 65 40 55 0.8 0.1 
TMPD16 716269 504842 985 114.60 114.61 16T040 2196.0 1.78 1100 0.05 4 65 90 50 0.5 0.15 
TMPD16 716269 504844 983 117.20 117.21 16T041 2196.6 2.18 520 0.03 2 55 45 15 0.8 0.15 
TMPD16 716269 504845 981 119.05 119.06 16T042 2192.4 0.74 360 0.04 5 80 75 10 0.8 5 
TMPD16 716269 504846 979 122.30 122.31 16T043 2193.3 1.52 330 0.05 6 65 85 5 1 0.05 
TMPD16 716269 504848 976 125.60 125.61 16T044 2193.2 1.00 530 0.05 3 30 65 10 0.8 0.15 
TMPD16 716269 504849 973 128.30 128.31 16T045 2194.1 1.23 1000 0.06 2 40 140 15 1 0.15 
TMPD16 716269 504850 971 131 .00 131.01 16T046 2196.0 2.88 1500 0.04 2 40 65 20 0.8 0.15 
TMPD16 716269 504852 969 133.70 133.71 16T047 2192.7 1.09 800 0.03 2 35 70 15 0.8 0.1 
TMPD16 716269 504853 967 135.30 135.31 16T048 2202.0 1.36 450 0.03 2 45 160 5 0.8 0.15 
TMPD16 . . . 138.65 138.65 16T049 2204.2 1.04 390 0.03 2 55 190 2 0.8 0.15 
TMPD16 716269 504855 962 140.95 140.96 16T050 2192.6 1.37 400 0.04 4 55 150 5 1 0.1 
TMPD16 716269 504857 960 143.30 143.31 16T051 2193.0 1.11 730 0.04 4 30 65 5 0.8 0.15 
TMPD16 716269 504859 957 147.15 147.16 16T052 2192.6 1.13 550 0.04 12 80 70 10 0.3 0.15 
TMPD16 716269 504860 955 150.00 150.01 16T053 2197.8 1.11 290 0.03 3 90 60 15 0.2 0.15 
TMPD16 716269 504861 952 153.00 153.01 16T054 2198.6 2.18 420 0.18 2 60 110 25 1.2 0.2 
TMPD16 716269 504863 949 156.00 156.01 16T055 2197.0 2.05 550 0.05 5 35 95 10 1 0.05 
TMPD16 716269 504866 945 161.40 161 .41 16T057 2195.7 1.57 1200 0.05 3 95 140 10 1 0.05 
TMPD16 716269 504867 942 164.00 164.01 16T058 2189.9 1.32 290 0.04 5 110 160 25 0.8 0 
TMPD16 716269 504868 941 166.20 166.21 16T059 2200.3 1.63 170 0.08 5 100 290 5 1 0.05 
TMPD16 716269 504870 938 169.50 169.51 16T060 2202.8 1.46 290 0.05 6 65 210 15 1 0.05 
TMPD16 716269 504871 935 172.30 172.31 16T061 2198.7 2.05 400 0.04 5 35 160 10 1 0.1 
TMPD16 716269 504873 933 175.30 175.31 16T063 2201 .9 2.28 270 0.05 4 25 90 2 0.8 0.15 
TMPD16 716269 504874 931 177.35 177.36 16T064 2193.8 1.48 960 0.04 9 60 120 15 0.8 0.2 
TMPD16 716269 504875 928 180.45 180.46 16T065 2199.5 0.84 450 0.04 6 45 95 10 0.8 0.15 
TMPD16 716269 504880 919 191 .00 191 .01 16T069 2204.9 0.89 300 0.03 2 40 85 15 1 0.25 
TMPD16 716269 504882 917 193.20 193.21 16T070 2192.2 0.73 250 0.04 5 40 110 15 1.3 0.15 
TMPD2 715005 504819 988 13.00 13.01 2T001 2187.3 0.35 110 0.01 17 40 130 5 1.3 0.1 
TMPD2 715005 504822 983 19.00 19.01 2T003 2195.5 0.52 85 0.01 11 45 100 10 1.4 0.1 
TMPD2 715005 504824 980 22.40 22.41 2T004 2185.6 0.49 110 0.01 6 50 140 5 1 0.1 
TMPD2 715005 504826 977 25.30 25.31 2T005 2183.8 0.34 95 0.02 10 30 170 2 1.2 0.15 
TMPD2 715005 504828 972 31 .20 31 .21 2T007 2190.7 0.70 520 0.01 11 710 500 10 1.2 0.1 
TMPD2 715005 504830 970 34.10 34.11 2T008 2203.1 0.78 330 0.30 20 150 210 15 0.8 0.1 
TMPD2 715005 504832 967 37.40 37.41 2T009 2194.8 0.99 370 0.17 13 95 260 25 0.8 0.1 
TMPD2 715005 504833 964 40.00 40.01 2T010 2192.4 0.84 622 0.08 80 70 400 15 0.5 0.15 
TMPD2 715005 504834 962 43.20 43.21 2T011 2194.1 0.55 514 0.25 22 50 220 25 0.2 0.15 
TMPD2 715005 504836 959 46.00 46.01 2T012 2195.9 0.75 782 0.27 62 60 60 25 0.4 0.1 
TMPD2 715005 504837 956 49.40 49.41 2T013 2194.8 0.88 930 0.20 105 70 220 20 0.6 0.1 
TMPD2 715005 504842 948 58.50 58.51 2T016 2195.3 0.58 3300 0.24 550 20 65 100 0.6 0.15 
TMPD2 715005 504843 946 61 .50 61 .51 2T017 2191.7 0.76 1500 0.10 180 30 55 35 0.3 0.1 
TMPD2 715005 504849 937 72.00 72.01 2T021 2191 .7 1.09 5200 0.53 770 65 140 20 0.8 0.5 
TMPD2 715005 504862 912 99.70 99.71 2T030 2191 .7 1.06 25500 0.50 4400 45 75 10 2 0.35 
TMPD2 715005 504866 904 109.00 109.01 2T033 2191 .6 0.99 16800 0.50 1300 70 180 20 1.2 1.4 
TMPD2 715005 504868 901 112.00 112.01 2T034 2189.1 0.81 6000 0.30 17 390 60 25 0.8 0.15 
TMPD2 715005 504869 899 115.00 115.01 2T035 2200.2 1.32 13300 0.37 80 35 100 10 1.2 0.1 
TMPD2 715005 504871 896 118.00 118.01 2T036 2191 .6 0.96 17700 0.60 625 25 170 15 3.5 0.1 
TMPD2 715004 504885 868 149.40 149.41 2T046 2189.0 0.71 11600 1.00 515 70 100 35 2.2 0.2 
TMPD2 715004 504891 857 162.20 162.21 2T050 2190.5 1.03 4650 0.20 14 75 190 20 1.3 0.1 
TMPD2 715004 504892 855 164.80 164.81 2T051 2190.5 1.04 7900 0.30 10 65 200 25 1.1 0.1 
TMPD2 715004 504893 852 168.00 168.01 2T052 2191.7 0.87 7700 0.20 10 60 270 20 1 0.1 
TMPD2 715004 504896 846 174.00 174.01 2T054 2193.2 1.25 5700 0.27 88 45 170 20 0.8 0.3 
TMPD2 715003 504897 844 177.00 177.01 2T055 2194.2 2.98 8100 0.06 40 70 110 15 1.8 0.15 
TMPD2 715003 504899 841 180.00 180.01 2T056 2194.7 1.72 5600 0.10 7 20 180 50 1.4 0.15 
TMPD2 715003 504900 838 183.00 183.01 2T057 2194.7 1.48 9200 0.20 4 30 210 10 1.7 0.15 
TMPD2 715003 504902 835 186.20 186.21 2T058 2193.5 0.81 6300 0.17 52 80 170 70 1.5 0.1 
TMPD2 715003 504903 833 189.20 189.21 2T059 2194.0 2.57 4800 0.12 90 140 650 45 0.8 0.15 
TMPD2 715003 504904 830 192.00 192.01 2T060 2190.6 0.71 2000 0.02 10 45 360 20 0.6 0.1 
TMPD2 715003 504905 828 195.00 195.01 2T061 2188.3 0.49 2700 0.06 11 30 280 10 0.6 0.15 
Appendix E2 F2-6 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File OCT-OH-A. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD2 715003 504907 825 198.00 198.01 2T062 2185.9 0.61 3100 0.03 21 80 500 5 1 0.1 
TMPD2 715003 504910 818 205.00 205.01 2T064 2199.2 0.51 2200 0.02 7 110 390 15 1.2 0.1 
TMPD2 715003 504911 816 208.10 208.11 2T065 2201.3 0.65 1900 0.04 6 40 300 10 1 0.1 
TMPD2 715003 504912 813 211 .30 211.31 2T066 2201.5 0.68 3300 0.30 11 110 810 15 2 0.1 
TMPD2 715003 504914 810 214.30 214.31 2T067 2204.8 0.98 1150 0.04 4 70 310 5 0.6 0.1 
TMPD2 715003 504915 808 217.00 217.01 2T068 2199.0 0.59 2650 0.02 6 60 260 10 1.2 0.1 
TMPD2 715003 504916 805 219.50 219.51 2T069 2208.3 1.01 550 0.04 8 25 210 5 0.6 0.15 
TMPD24 715335 505626 1164 11.60 11 .61 24T001 2205.7 0.93 900 0.06 4 120 260 5 1.2 0 
TMPD24 715335 505624 1161 15.05 15.06 24T002 2206.2 0.33 900 0.06 4 120 260 5 1.2 0 
TMPD24 715335 505619 1153 24.90 24.91 24T003 2197.9 1.02 430 0.06 4 100 220 5 1.6 0.05 
TMPD24 715335 505617 1149 29.10 29.11 24T004 2204.3 0.52 530 0.06 3 75 290 5 1.3 0.05 
TMPD24 715335 505617 1148 30.75 30.76 24T005 2206.9 0.47 530 0.06 3 75 290 5 1.3 0.05 
TMPD24 715335 505615 1145 34.00 34.01 24T006 2206.0 0.63 610 0.04 2 60 130 2 1.4 0 
TMPD24 715335 505614 1142 36.75 36.76 24T007 2205.9 0.25 610 0.04 2 60 130 2 1.4 0 
TMPD24 715335 505611 1137 42.60 42.61 24T009 2203.3 0.42 460 0.07 4 50 90 5 1.5 0.05 
TMPD24 715335 505607 1131 49.50 49.51 24T010 2205.8 0.54 390 0.06 4 80 160 2 1.4 0.05 
TMPD24 715335 505607 1130 51.00 51.01 24T011 2204.5 0.25 390 0.06 4 80 160 2 1.4 0.05 
TMPD24 715335 505606 1129 51.75 51.76 24T012 2202.5 0.38 390 0.06 4 80 160 2 1.4 0.05 
TMPD24 715335 505606 1128 53.20 53.21 24T013 2204.5 0.78 420 0.07 4 140 140 10 1.3 0.15 
TMPD24 715335 505603 1124 57.65 57.66 24T014 2200.0 0.43 420 0.07 4 140 140 10 1.3 0.15 
TMPD24 715335 505601 1121 61.70 61.71 24T015 2201.5 0.38 490 0.03 5 70 130 10 1.3 0 
TMPD24 715335 505598 1115 68.00 68.01 24T018 2186.8 0.60 1200 0.06 4 50 140 20 2.6 0 
TMPD24 715335 505597 1112 71.20 71.21 24T019 2184.7 0.61 1000 0.04 12 30 45 10 1.4 0 
TMPD24 715335 505596 1111 73.00 73.01 24T020 2203.2 0.50 1000 0.04 12 30 45 10 1.4 0 
TMPD24 715335 505595 1110 74.20 74.21 24T021 2203.8 0.46 1000 0.04 12 30 45 10 1.4 0 
TMPD24 715334 505592 1103 81.40 81.41 24T023 2190.2 0.65 420 0.03 38 55 35 35 0.4 0 
TMPD24 715334 505591 1101 84.40 84.41 24T024 2198.3 0.66 15 0.03 1 15 10 45 0.2 0 
TMPD24 715334 505589 1097 88.20 88.21 24T025 2198.3 0.66 15 0.03 2 15 10 110 0.1 0 
TMPD24 715334 505587 1095 91.10 91.11 24T026 2202.3 0.34 60 0.05 10 130 75 55 0.2 0 
TMPD24 715334 505586 1092 94.55 94.56 24T027 2201 .0 0.62 150 0.04 12 120 270 5 0.6 0.05 
TMPD24 715334 505585 1090 96.90 96.91 24T028 2204.9 0.64 170 0.03 3 30 80 5 0.8 0.05 
TMPD24 715334 505582 1085 101.85 101.86 24T030 2205.7 0.30 100 0.04 2 25 70 2 0.6 0 
TMPD24 715334 505581 1084 103.90 103.91 24T031 2206.0 0.29 100 0.04 1 20 65 2 0.7 0.05 
TMPD24 715334 505579 1080 107.65 107.66 24T032 2203.5 0.29 90 0.04 19 40 130 5 1 0.05 
TMPD24 715334 505578 1078 110.25 110.26 24T033 2204.3 0.62 200 0.07 6 50 110 10 0.6 0.1 
TMPD24 715334 505574 1071 117.80 117.81 24T035 2192.5 0.88 2400 0.08 3 100 65 35 1 0.05 
TMPD24 715333 505572 1066 123.75 123.76 24T037 2192.1 0.63 7500 0.13 2 45 740 65 2.6 0 
TMPD24 715333 505570 1064 126.20 126.21 24T038 2193.6 1.11 3600 0.08 3 130 120 95 1.3 0 
TMPD24 715333 505568 1060 130.90 130.91 24T040 2199.9 0.77 4500 0.05 2 60 380 35 1.7 0.05 
TMPD24 715333 505567 1057 133.80 133.81 24T041 2199.5 0.94 2300 0.06 2 35 310 25 1.2 0 
TMPD24 715333 505565 1054 137.30 137.31 24T042 2195.5 0.81 1100 0.09 2 40 190 35 1.4 0.05 
TMPD24 715333 505563 1051 141 .30 141.31 24T043 2197.9 0.67 640 0.03 1 50 160 15 1.3 0.05 
TMPD24 715333 505561 1048 144.90 144.91 24T044 2193.1 0.64 860 0.05 3 55 200 25 1.4 0 
TMPD24 715332 505560 1045 147.80 147.81 24T045 2195.9 0.93 680 0.03 2 55 170 15 1.6 0 
TMPD24 715332 505558 1042 150.85 150.86 24T046 2192.1 0.93 460 0.03 1 60 50 25 0.4 0.05 
TMPD24 715332 505554 1035 159.80 159.81 24T049 2208.1 0.51 260 0.05 1 100 110 5 0.5 0.1 
TMPD24 715332 505553 1032 162.50 162.51 24T051 2201.8 0.78 2300 0.15 1 55 190 55 0.5 0.05 
TMPD24 715332 505551 1029 165.80 165.81 24T052 2200.9 0.59 180 0.06 2 230 310 5 0.5 0.05 
TMPD24 715332 505550 1027 168.20 168.21 24T053 2201.8 0.82 1500 0.07 2 95 230 65 0.5 0.05 
TMPD24 715331 505548 1024 172.40 172.41 24T054 2198.3 0.24 1400 0.17 2 140 940 35 0.8 0.05 
TMPD24 715329 505528 987 213.90 213.91 24T067 2190.3 0.95 5000 0.63 18 35 25 180 0.5 0.1 
TMPD24 715329 505526 982 219.40 219.41 24T069 2191.3 2.45 8600 0.20 21 30 45 10 0.8 0.05 
TMPD24 715329 505525 981 221.00 221 .01 24T070 2193.5 1.73 6200 0.38 70 40 35 70 0.3 0.05 
TMPD24 715329 505521 973 229.80 229.81 24T072 2205.8 1.13 150 0.03 1 25 95 2 0.6 0.15 
TMPD24 715328 505520 972 231.40 231.41 24T073 2206.1 0.86 200 0.02 1 35 100 2 0.5 0.15 
TMPD24 715328 505518 968 235.70 235.71 24T074 2207.0 1.19 380 0.03 14 140 330 5 1.4 0.15 
TMPD24 715328 505516 964 240.00 240.01 24T075 2195.4 3.16 10600 0.30 2 35 45 10 0.5 0.1 
TMPD24 715328 505514 961 243.20 243.21 24T076 2195.0 4.10 9600 0.04 5 30 20 5 0.6 0.1 
TMPD24 715328 505513 959 246.30 246.31 24T077 2196.8 3.38 6700 0.27 15 40 30 5 0.4 0.2 
TMPD24 715328 505512 956 249.00 249.01 24T078 2194.1 3.54 9400 0.45 16 40 45 5 0.4 0.15 
TMPD24 715328 505511 955 250.30 250.31 24T079 2191 .8 2.09 7700 0.37 19 55 60 25 0.4 0.05 
TMPD24 715327 505509 952 254.30 254.31 24T080 2193.6 0.80 8800 0.30 2 30 50 15 0.5 0.1 
TMPD24 715327 505507 948 258.50 258.51 24T081 2193.3 1.69 8600 0.60 14 40 65 20 1.4 0.1 
TMPD24 715327 505506 945 261 .50 261 .51 24T082 2196.6 1.06 2900 0.20 2 15 90 20 0.5 0.05 
TMPD24 715327 505505 943 264.00 264.01 24T083 2196.7 5.27 9300 0.50 12 20 50 25 1.4 0.1 
TMPD24 715327 505503 939 268.80 268.81 24T084 2195.4 1.31 7400 0.34 40 20 55 15 0.5 0.1 
TMPD24 715327 505502 937 270.80 270.81 24T085 2192.5 2.52 9100 0.54 4 95 90 25 2 0.05 
TMPD24 715326 505500 934 274.00 274.01 24T086 2197.2 3.97 5100 0.30 1 45 40 25 0.5 0.1 
Appendix F2 F2-7 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File OCT-OH-A. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD24 715326 505499 931 277.70 277.71 24T087 2188.4 0.60 7900 0.21 13 110 95 45 1.7 0.05 
TMPD24 715326 505497 928 281 .00 281.01 24T088 2207.2 . 0.18 690 0.12 2 30 85 5 0.7 0.1 
TMPD24 715326 505496 925 284.40 284.41 24T089 2205.6 0.74 80 0.05 1 20 110 2 0.5 0.05 
TMPD24 715326 505494 922 288.00 288.01 24T090 2191 .8 0.91 2700 0.17 2 30 70 35 0.8 0.05 
TMPD24 715325 505493 919 291.00 291 .01 24T091 2198.0 2.33 1700 0.24 2 35 120 10 0.6 0.1 
TMPD24 715325 505492 917 293.00 293.01 24T092 2205.7 0.63 110 0.04 2 40 140 2 1 0.05 
TMPD24 715325 505490 914 296.10 296.11 24T093 2201 .3 0.64 1900 0.13 1 25 55 15 0.6 0.05 
TMPD24 715325 505489 912 298.90 298.91 24T094 2195.4 1.50 4000 0.10 2 30 140 25 0.3 0.05 
TMPD24 715325 505488 909 302.10 302.11 24T095 2192.4 1.22 4000 0.08 13 55 90 45 1 0.1 
TMPD24 715325 505486 907 305.00 305.01 24T096 2195.6 2.08 1100 0.05 1 20 55 10 0.7 0.1 
TMPD24 715324 505485 903 309.00 309.01 24T097 2195.5 1.19 810 0.07 1 50 65 2 0.6 0.05 
TMPD24 715324 505483 900 312.70 312.71 24T098 2197.6 3.67 1100 0.08 2 50 90 5 1 0.1 
TMPD24 715324 505481 896 316.70 316.71 24T099 2195.0 1.77 1400 0.03 2 35 85 25 1.3 0.1 
TMPD24 715324 505480 893 320.00 320.01 24T100 2194.8 1.06 2200 0.08 3 75 140 15 1 0.1 
TMPD24 715324 505478 890 323.90 323.91 24T101 2206.6 0.60 170 0.10 4 250 430 5 0.6 0.1 
TMPD24 715323 505476 886 327.40 327.41 24T102 2199.1 1.39 4800 0.04 4 30 120 35 1.7 0.1 
TMPD24 715323 505475 884 330.50 330.51 24T103 2205.4 0.68 4000 0.02 2 50 110 55 0.8 0.1 
TMPD24 715323 505474 881 333.40 333.41 24T104 2207.4 0.69 2400 0.06 3 50 130 15 1.5 0.1 
TMPD24 715323 505473 879 336.00 336.01 24T105 2206.3 1.26 150 0.05 3 30 160 5 0.5 0.1 
TMPD24 715323 505471 876 339.00 339.01 24T106 2203.6 0.29 130 0.02 2 20 75 5 0.6 0.05 
TMPD24 715323 505470 874 341 .80 341 .81 24T107 2209.5 0.76 250 0.05 4 35 90 5 0.6 0.1 
TMPD24 715322 505469 872 344.00 344.01 24T108 2205.2 0.26 340 0.06 11 75 180 5 1 0.1 
TMPD24 715322 505468 869 347.00 347.01 24T109 2204.0 0.36 110 0.05 8 25 110 2 0.8 0.1 
TMPD24 . - - 350.00 350.01 24T1 10 2207.4 1.02 140 0.11 14 25 100 2 0.7 0.1 
TMPD25 715309 505302 1136 9.25 9.26 25T001 2190.0 0.24 340 0.04 4 65 100 5 0.7 0.1 
TMPD25 715309 505301 1133 12.90 12.91 25T002 2204.5 0.59 330 0.05 15 40 85 10 1.1 0.1 
TMPD25 715309 505298 1128 18.50 18.51 25T004 2206.9 0.21 100 0.03 16 30 75 2 1.2 0.05 
TMPD25 715309 505296 1125 21 .90 21 .91 25T005 2207.4 0.17 100 0.03 16 30 75 2 1.2 0.05 
TMPD25 715309 505293 1120 28.50 28.51 25T006 2196.2 0.11 120 0.04 20 35 70 2 1.3 0.05 
TMPD25 715309 505292 1116 32.50 32.51 25T007 2190.2 0.18 65 0.10 62 40 60 2 1.1 0.05 
TMPD25 715309 505288 1110 39.70 39.71 25T009 2201 .0 0.49 360 0.04 22 55 70 15 1.2 0.1 
TMPD25 715309 505287 1107 42.50 42.51 25T010 2202.8 0.65 500 0.04 5 50 100 5 1 0 
TMPD25 715309 505285 1103 47.20 47.21 25T012 2182.5 0.47 500 0.04 5 50 100 5 1 0 
TMPD25 715309 505283 1098 52.60 52.61 25T014 2196.5 0.43 210 0.03 5 70 85 5 0.5 0.1 
TMPD25 715309 505282 1096 55.10 55.11 25T015 2189.9 0.61 460 0.04 5 65 90 15 1 0.1 
TMPD25 715309 505280 1091 59.80 59.81 25T016 2188.6 0.64 460 0.04 5 65 90 15 1 0.1 
TMPD25 715309 505278 1089 62.30 62.31 25T017 2195.9 1.13 490 0.04 4 60 90 10 1 0.15 
TMPD25 715309 505277 1086 66.00 66.01 25T018 2189.9 0.93 250 0.03 3 40 90 5 1.2 0.05 
TMPD25 715309 505275 1083 69.30 69.31 25T019 2190.9 0.71 250 0.03 3 40 90 5 1.2 0.05 
TMPD25 715309 505274 1080 72.70 72.71 25T020 2197.0 1.06 420 0.03 4 50 70 15 1 0.15 
TMPD25 715308 505272 1075 78.40 78.41 25T022 2196.3 0.49 90 0.04 2 40 80 2 1 0.05 
TMPD25 715308 505271 1072 80.90 80.91 25T023 2200.6 0.39 90 0.04 2 40 80 2 1 0.05 
TMPD25 715308 505270 1071 82.80 82.81 25T024 2200.1 0.30 90 0.04 2 40 80 2 1 0.05 
TMPD25 715308 505268 1067 86.50 86.51 25T025 2184.3 0.22 250 0.03 4 55 100 10 0.7 0.1 
TMPD25 715308 505267 1065 89.40 89.41 25T026 2192.0 0.57 250 0.03 4 55 100 10 0.7 0.1 
TMPD25 715308 505266 1062 92.40 92.41 25T027 2195.4 0.43 160 0.03 4 40 90 2 0.8 0.1 
TMPD25 715308 505264 1059 95.20 95.21 25T028 2192.5 0.96 160 0.03 4 40 90 2 0.8 0.1 
TMPD25 715308 505262 1054 101.60 101 .61 25T030 2181.8 0.55 1800 0.07 4 50 75 55 1 0.1 
TMPD25 715308 505261 1052 103.70 103.71 25T031 2198.1 0.51 75 0.04 5 60 110 20 1.3 0.05 
TMPD25 715308 505260 1049 106.60 106.61 25T032 2192.9 0.89 75 0.04 5 60 110 20 1.3 0.05 
TMPD25 715308 505257 1044 112.70 112.71 25T034 2195.8 0.42 80 0.04 2 65 180 2 1 0.1 
TMPD25 715308 505256 1041 115.70 115.71 25T035 2196.8 0.44 75 0.03 3 40 65 2 1.2 0.1 
TMPD25 715308 505255 1038 118.70 118.71 25T036 2193.0 0.48 75 0.03 3 40 65 2 1.2 0.1 
TMPD25 715308 505253 1035 122.20 122.21 25T037 2193.9 0.53 70 0.03 2 35 60 2 0.7 0.05 
TMPD25 715308 505251 1030 128.00 128.01 25T038 2193.1 0.25 75 0.04 2 40 70 5 1 0.1 
TMPD25 715308 505249 1026 132.30 132.31 25T039 2191 .7 0.58 130 0.05 3 40 85 5 0.8 0.15 
TMPD25 715308 505248 1024 134.70 134.71 25T040 2201 .6 0.25 130 0.05 3 40 85 5 0.8 0.15 
TMPD25 715308 505247 1021 137.50 137.51 25T041 2198.6 0.60 130 0.05 3 40 85 5 0.8 0.15 
TMPD25 715308 505246 1019 140.00 140.01 25T042 2197.8 0.70 150 0.04 2 35 85 10 1.1 0.15 
TMPD25 715308 505244 1015 144.00 144.01 25T043 2191 .4 0.49 80 0.04 3 60 130 15 1 0.15 
TMPD25 715308 505242 1011 148.60 148.61 25T044 2189.7 0.48 150 0.04 2 35 85 10 1.1 0.15 
TMPD25 715308 505241 1009 151 .00 151.01 25T045 2195.6 0.63 65 0.08 2 40 95 20 0.8 0.1 
TMPD25 715308 505240 1006 154.20 154.21 25T046 2191 .4 0.48 65 0.08 2 40 95 20 0.8 0.1 
TMPD25 715308 505238 1003 157.70 157.71 25T047 2190.4 0.45 3700 0.77 2 55 85 20 1.6 0 
TMPD25 715308 505237 1001 160.00 160.01 25T048 2192.5 0.56 3700 0.77 2 55 85 20 1.6 0 
TMPD25 715308 505235 997 163.90 163.91 25T049 2198.7 0.92 240 0.05 2 140 100 25 1.2 0.05 
TMPD25 715308 505234 994 167.00 167.01 25T050 2188.4 0.68 240 0.05 2 140 100 25 1.2 0.05 
TMPD25 715308 505233 992 170.00 170.01 25T051 2192.6 0.30 74000 0.93 2.1% 65 70 2 5 0.1 
Appendix E2 E2-8 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File OCT-OH-A SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD25 715308 505225 973 190.00 190.01 25T058 2205.8 0.72 150 0.05 20 55 130 2 1 0.1 
TMPD25 715308 505223 970 194.00 194.01 25T059 2205.5 0.62 2200 0.12 150 65 130 65 0.4 0.2 
TMPD25 715308 505215 951 214.60 214.61 25T066 2191 .3 0.95 2700 0.32 110 70 140 5 0.5 0.1 
TMPD25 715307 505210 940 226.30 226.31 25T070 2190.6 0.89 8800 0.43 20 45 15 10 0.4 0 
TMPD25 715307 505196 908 261.70 261.71 25T083 2188.0 0.83 8000 0.33 19 40 20 25 0.7 0.1 
TMPD25 715307 505191 897 273.00 273.01 25T087 2200.2 1.51 1800 0.16 4 45 60 45 0.4 0.05 
TMPD25 715306 505187 886 285.00 285.01 25T090 2193.2 1.16 7700 0.65 3 110 50 85 1.4 0.1 
TMPD25 715306 505185 883 288.40 288.41 25T091 2192.3 1.43 840 0.09 4 60 20 65 0.1 0.25 
TMPD25 715306 505183 879 293.20 293.21 25T092 2193.7 2.40 880 0.16 4 50 20 20 0.8 0.15 
TMPD25 715306 505182 876 296.00 296.01 25T093 2194.2 1.20 620 0.37 2 55 30 20 0.5 0.15 
TMPD25 715306 505181 874 298.40 298.41 25T094 2193.9 1.27 2200 0.43 4 100 120 35 3.4 0.15 
TMPD25 715306 505181 872 300.40 300.41 25T095 2192.7 2.39 950 1.25 19 260 390 40 4 0 
TMPD25 715306 505180 870 303.00 303.01 25T096 2206.4 1.11 220 0.53 23 220 320 10 0.7 0.05 
TMPD25 715306 505179 867 305.60 305.61 25T097 2207.8 1.08 350 0.19 18 140 220 10 1 0.05 
TMPD25 715306 505177 865 308.60 308.61 25T098 2205.6 0.98 1100 0.73 44 190 590 30 2.6 0.1 
TMPD25 715306 505176 861 312.00 312.01 25T099 2195.9 1.90 3100 0.30 4 70 130 25 2.5 0.05 
TMPD25 715306 505175 858 315.85 315.86 25T100 2194.6 1.85 2300 0.37 6 45 80 25 1.4 0.05 
TMPD25 715306 505174 856 318.00 318.01 25T101 2204.5 1.00 2600 0.23 2 65 130 10 1.5 0 
TMPD25 715305 505173 853 321 .00 321.01 25T102 2199.7 1.83 4200 0.15 2 80 110 45 1.7 0.05 
TMPD25 715305 505172 851 323.20 323.21 25T103 2196.3 1.54 6400 0.20 2 170 280 35 2.7 0.05 
TMPD25 715305 505170 848 326.80 326.81 25T104 2197.8 4.08 23800 1.45 30 50 55 30 2.3 0 
TMPD25 715305 505169 845 329.85 329.86 25T105 2194.1 5.28 16600 0.60 520 50 45 20 2.3 0.15 
TMPD25 715305 505168 843 331.90 331 .91 25T106 2195.8 6.27 14600 0.63 62 45 95 15 1.7 0.1 
TMPD25 715305 505167 841 334.75 334.76 25T107 2197.1 5.61 16100 0.37 360 180 100 15 1.6 0.15 
TMPD25 715305 505166 838 337.60 337.61 25T108 2194.9 2.53 11600 0.16 330 95 190 10 1.2 0.05 
TMPD25 715305 505164 834 341.70 341 .71 25T109 2201.0 0.66 2700 0.25 4 30 65 15 1.4 0 
TMPD25 715305 505164 832 343.70 343.71 25T110 2195.1 3.52 3400 0.08 3 45 75 60 0.8 0 
TMPD25 715305 505162 828 348.00 348.01 25T111 2197.3 3.91 12900 0.63 22 30 40 20 2.5 0.1 
TMPD25 715305 505161 826 350.50 350.51 25T112 2198.1 2.88 13300 0.83 11 25 40 10 4 0 
TMPD25 715305 505160 823 353.30 353.31 25T113 2190.9 1.03 11800 0.60 2 20 15 55 1 0 
TMPD25 715305 505159 821 356.50 356.51 25T114 2193.4 1.19 11200 0.67 98 50 100 35 3.6 0.1 
TMPD25 715304 505157 816 361 .00 361 .01 25T115 2193.4 0.99 8800 0.40 1 30 70 65 1 0.05 
TMPD25 715304 505156 815 363.00 363.01 25T116 2193.0 0.79 7400 0.33 1 25 65 55 1 0.05 
TMPD25 - - - 365.00 365.01 25T117 2194.9 0.99 6100 0.33 2 80 270 35 1.2 0.05 
TMPD26 715335 505644 1153 24.05 24.06 26T001 2191 .8 0.60 330 0.04 6 60 40 2 0.3 0.1 
TMPD26 715335 505648 1146 33.02 33.03 26T003 2205.1 0.48 1000 0.03 3 90 280 2 1 0.1 
TMPD26 715335 505653 1136 43.35 43.36 26T004 2193.1 0.55 310 0.03 4 45 100 2 1 0.1 
TMPD26 715335 505655 1133 47.25 47.26 26T005 2199.6 0.30 310 0.03 4 45 100 2 1 0.1 
TMPD26 715336 505656 1130 50.95 50.96 26T006 2204.6 0.34 370 0.03 3 60 140 2 1.5 0.05 
TMPD26 715336 505658 1128 53.45 53.46 26T007 2204.1 0.44 370 0.03 3 60 140 2 1.5 0.05 
TMPD26 715336 505659 1126 55.45 55.46 26T008 2200.0 0.58 270 0.03 6 50 160 2 1 0.05 
TMPD26 715336 505661 1121 60.90 60.91 26T009 2204.3 0.52 450 0.03 4 75 140 2 0.8 0.1 
TMPD26 715336 505662 1118 63.95 63.96 26T011 2201.9 0.52 800 0.02 5 95 190 2 0.7 0.1 
TMPD26 715336 505664 1114 68.20 68.21 26T012 2195.7 0.40 840 0.03 6 75 140 2 0.5 0.05 
TMPD26 715336 505666 1112 70.95 70.96 26T013 2196.7 0.83 970 0.02 5 70 130 2 1 0.05 
TMPD26 715336 505672 1100 84.30 84.31 26T019 2199.0 0.73 5100 0.02 4 35 80 2 1.2 0.05 
TMPD26 715336 505675 1092 93.10 93.11 26T022 2198.4 0.92 3300 0.03 1 30 95 2 1.6 0 
TMPD26 715336 505677 1090 95.80 95.81 26T023 2198.1 0.80 5900 0.03 2 25 60 2 2.3 0.05 
TMPD26 715336 505678 1087 98.70 98.71 26T024 2193.4 1.26 1300 0.07 5 35 65 10 0.8 0 
TMPD26 715337 505690 1061 127.55 127.56 26T040 2204.0 0.61 1700 0.32 4 75 120 65 0.5 0.05 
TMPD26 715337 505692 1057 132.05 132.06 26T042 2197.7 0.94 4000 0.50 4 90 100 40 0.7 0 
TMPD26 715337 505694 1053 136.50 136.51 26T043 2191.9 1.28 13800 0.39 35 35 80 140 0.5 0.15 
TMPD26 715337 505695 1051 139.00 139.01 26T044 2188.2 1.20 4100 0.12 14 30 20 140 0.2 0 
TMPD26 715337 505701 1038 153.10 153.11 26T048 2192.0 0.55 1800 0.10 3 50 400 45 1 0.05 
TMPD26 715337 505702 1036 155.50 155.51 26T049 2193.1 0.44 3800 0.08 2 35 190 75 0.4 0.05 
TMPD26 715337 505703 1035 156.85 156.86 26T050 2192.2 0.69 3200 0.08 2 40 350 60 0.6 0.05 
TMPD26 715337 505704 1032 159.70 159.71 26T051 2192.0 0.82 3300 0.16 2 35 150 25 0.5 0.05 
TMPD26 715337 505706 1029 163.50 163.51 26T052 2192.5 0.79 2000 0.08 2 30 260 30 0.5 0.05 
TMPD26 715337 505707 1026 166.50 166.51 26T054 2190.6 0.75 3200 0.12 2 40 100 40 1.2 0.05 
TMPD26 715337 505709 1022 170.65 170.66 26T053 2191 .3 0.81 2000 0.09 2 35 70 35 0.5 0.1 
TMPD26 715337 505710 1019 174.40 174.41 26T055 2190.1 0.71 2800 0.10 1 25 85 25 0.3 0 
TMPD26 715337 505715 1009 185.10 185.11 26T059 2189.3 0.80 3400 0.08 2 25 100 5 0.5 0 
TMPD26 715337 505717 1005 189.90 189.91 26T060 2190.7 0.80 1300 0.06 2 20 160 35 0.6 0.05 
TMPD26 715338 505720 999 196.30 196.31 26T063 2187.6 0.76 1500 0.05 1 20 70 75 0.5 0.05 
TMPD26 715338 505722 996 200.00 200.01 26T064 2192.6 0.85 3100 0.06 1 20 70 120 0.5 0 
TMPD26 715338 505759 914 290.00 290.01 26T096 2198.5 1.30 350 0.10 1 60 320 10 1.4 0.05 
Appendix E2 F2-9 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File OGT-OH-). SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD26 715338 505769 889 317.08 317.09 26T105 2212.1 0.33 260 0.04 3 45 140 5 1.3 0.1 
TMPD26 715338 505770 887 318.60 318.61 26T106 2200.6 0.66 1300 0.03 2 40 120 5 1.2 0.1 
TMPD26 715338 505772 884 322.80 322.81 26T107 2189.3 0.93 1400 0.08 2 25 35 15 1 0.05 
TMPD26 715339 505772 882 325.00 325.01 26T108 2185.4 0.56 1700 0.08 2 25 90 15 1.5 0.1 
TMPD26 715339 505780 864 344.05 344.06 26T112 2194.7 1.32 5000 0.47 5 25 25 15 1.5 0.05 
TMPD26 715339 505792 833 377.00 377.01 26T122 2191 .8 1.39 6900 0.58 38 20 . 20 10 1 0.05 
TMPD26 715340 505805 798 415.00 415.01 26T130 2196.2 1.84 6100 0.30 4 20 20 10 1.2 0 
TMPD3 715322 504953 1016 6.50 6.51 3T001 2199.9 0.26 330 0.01 2 90 110 2 1.6 0.1 
TMPD3 715322 504950 1008 14.90 14.91 3T002 2201 .7 0.31 100 0.01 2 55 250 2 1.4 0.15 
TMPD3 715322 504950 1006 16.90 16.91 3T003 2192.6 0.28 95 0.01 3 55 150 2 1.6 0.1 
TMPD3 715322 504949 1003 19.70 19.71 3T004 2201 .9 0.21 120 0.01 20 35 140 2 1.4 0.1 
TMPD3 715322 504946 995 28.80 28.81 3T007 2186.9 0.29 120 0.01 2 50 200 2 1 0.1 
TMPD3 715322 504945 992 31.55 31 .56 3T008 2203.0 0.27 250 0.01 8 30 200 10 1.3 0.1 
TMPD3 715322 504944 990 34.00 34.01 3T009 2200.0 0.54 100 0.01 3 35 110 10 1.1 0.1 
TMPD3 715322 504943 987 37.00 37.01 3T010 2197.9 0.31 140 0.01 4 40 130 5 1.2 0.1 
TMPD3 715322 504942 984 40.00 40.01 3T011 2192.8 0.60 500 0.02 13 40 100 15 0.7 0.15 
TMPD3 715322 504941 981 43.00 43.01 3T012 2191.4 0.75 500 0.02 13 40 100 15 0.7 0.15 
TMPD3 715322 504938 975 50.00 50.01 3T014 2196.9 0.44 800 0.04 9 30 80 10 0.8 0.15 
TMPD3 715322 504937 972 53.00 53.01 3T015 2202.4 0.49 800 0.04 9 30 80 10 0.8 0.15 
TMPD3 715322 504937 970 55.00 55.01 3T016 2193.4 1.74 5100 0.15 70 85 300 15 1.1 0.1 
TMPD3 715322 504936 968 57.50 57.51 3T017 2205.1 1.21 1600 0.10 50 240 410 15 0.4 0.1 
TMPD3 715322 504934 963 62.40 62.41 3T019 2191 .0 0.97 11200 0.40 147 160 70 10 1.9 0.1 
TMPD3 715322 504933 961 64.20 64.21 3T020 2191 .1 1.26 1E+05 0.37 530 100 270 2 25 0.2 
TMPD3 715322 504933 959 66.90 66.91 3T021 2191 .3 1.26 19300 0.43 375 40 190 5 6.2 0.15 
TMPD3 715322 504932 957 68.70 68.71 3T022 2197.3 1.00 8400 0.23 76 110 70 2 1.9 0.1 
TMPD3 715322 504931 955 71.00 71 .01 3T023 2206.0 1.13 250 0.02 2 10 120 2 0.6 0.1 
TMPD3 715322 504930 952 74.20 74.21 3T024 2202.3 0.89 200 0.03 10 10 210 5 0.7 0.1 
TMPD3 715322 504927 945 82.10 82.11 3T026 2194.3 0.82 18200 0.47 130 140 310 2 8.2 0.15 
TMPD3 715322 504926 942 85.00 85.01 3T027 2195.4 1.07 26500 0.30 34 260 250 5 5.6 0.3 
TMPD3 715322 504925 939 88.20 88.21 3T028 2206.3 1.08 100 0.01 2 20 120 2 0.5 0.15 
TMPD3 715322 504924 936 91 .70 91 .71 3T029 2205.9 1.29 100 0.01 2 5 160 2 0.5 0.1 
TMPD3 715322 504923 933 94.70 94.71 3T030 2205.6 1.19 100 0.01 1 10 160 2 0.6 0.15 
TMPD3 715322 504922 931 96.80 96.81 3T031 2191 .1 1.33 6100 0.12 750 240 200 10 2.5 0.15 
TMPD3 715322 504922 928 99.60 99.61 3T032 2193.7 0.65 13200 0.20 50 370 80 2 2.1 0.15 
TMPD3 715322 504921 927 101 .20 101 .21 3T033 2190.5 1.30 7300 0.40 9 70 320 15 2.4 0.15 
TMPD3 715322 504920 924 104.00 104.01 3T034 2191 .4 0.82 5400 0.10 7 15 100 5 0.7 0.15 
TMPD3 715322 504919 921 107.00 107.01 3T035 2192.3 1.39 10100 0.03 10 30 70 5 1.1 0.15 
TMPD3 715322 504918 918 110.00 110.01 3T036 2191 .5 1.19 8500 0.50 88 120 150 20 0.8 0.15 
TMPD3 715322 504917 916 112.75 112.76 3T037 2192.6 1.43 8800 0.20 53 30 50 40 0.7 0.15 
TMPD3 715322 504916 913 115.60 115.61 3T038 2190.7 0.88 9600 0.27 91 35 85 40 0.6 0.2 
TMPD3 715322 504915 910 118.80 118.81 3T039 2189.6 1.20 16400 0.24 34 45 170 5 1.5 0.15 
TMPD3 715322 504914 908 121 .25 121 .26 3T040 2191 .8 1.79 13200 0.33 72 30 120 20 1.4 0.15 
TMPD3 715322 504913 905 124.20 124.21 3T041 2191 .5 1.52 8100 0.50 20 35 130 65 1.8 0.1 
TMPD3 715322 504912 900 129.20 129.21 3T043 2190.3 1.41 13100 0.30 10 45 110 15 1.9 0.1 
TMPD3 715322 504909 893 137.00 137.01 3T046 2192.8 0.66 7800 0.37 8 15 75 35 0.6 0.1 
TMPD3 715322 504905 882 148.40 148.41 3T050 2191.9 1.27 11800 0.30 9 10 55 10 1.4 0.15 
TMPD3 715322 504905 880 150.30 150.31 3T051 2191.1 1.80 3950 0.1 7 8 10 40 45 0.2 0.1 
TMPD3 715322 504902 872 159.00 159.01 3T054 2196.1 2.50 5900 0.02 12 20 70 35 0.7 0.1 
TMPD3 715322 504899 864 167.25 167.26 3T057 2193.1 1.19 5300 0.07 10 35 40 35 0.4 0.2 
TMPD3 715322 504898 862 169.85 169.86 3T058 2193.2 1.93 7900 0.37 5 40 60 40 1.6 0.1 
TMPD3 715321 504898 860 172.20 172.21 3T059 2194.7 1.46 6900 0.27 10 20 120 40 1.2 0.1 
TMPD3 715321 504896 854 178.00 178.01 3T061 2192.4 1.80 2500 0.10 7 10 180 35 0.1 0.1 
TMPD3 715321 504895 851 181.30 181.31 3T062 2191 .2 0.97 6300 0.10 12 10 45 60 0.4 0.1 
TMPD3 715321 504894 849 183.10 183.11 3T063 2190.7 1.26 1950 0.10 9 10 90 45 0.2 0.15 
TMPD3 715321 504890 836 196.70 196.71 3T067 2192.6 1.42 4650 0.15 20 35 60 30 0.1 0.1 
TMPD3 715321 504887 829 204.15 204.16 3T070 2193.1 1.38 2350 0.12 2 5 100 20 0.4 0.15 
TMPD3 715321 504886 824 210.00 210.01 3T072 2191 .8 1.51 5200 0.12 7 5 220 30 0.7 0.1 
TMPD3 715321 504885 821 213.15 213.16 3T073 2191 .7 1.32 450 0.04 2 5 60 180 0.1 0.15 
TMPD3 715321 504884 818 216.00 216.01 3T074 2191 .6 1.04 8500 0.20 3 85 40 70 0.6 0.1 
TMPD3 715321 504883 815 219.20 219.21 3T075 2191 .1 1.19 6300 0.12 8 15 310 90 0.2 0.1 
TMPD3 715321 504882 812 222.10 222.11 3T076 2189.3 0.63 1900 0.08 6 20 80 20 0.1 0.1 
TMPD3 715321 504877 799 236.40 236.41 3T081 2190.9 1.00 7700 0.24 4 10 65 50 1 0.1 
TMPD3 715321 504876 795 239.80 239.81 3T082 2191 .6 0.96 9400 0.30 5 5 410 50 1.6 0.1 
TMPD3 715320 504874 789 246.40 246.41 3T084 2193.0 3.56 15700 0.16 15 5 40 20 1.5 0.1 
TMPD3 715320 504873 784 251 .30 251 .31 3T086 2193.2 1.70 3550 0.09 5 5 60 50 0.1 0.1 
TMPD3 715320 504872 782 254.20 254.21 3T087 2191 .9 1.87 3600 0.08 6 5 250 40 0.2 0.1 
TMPD3 715320 504871 779 257.20 257.21 3T088 2192.6 2.04 4350 0.05 14 45 300 40 0.8 0.1 
TMPD3 715320 504870 775 260.90 260.91 3T089 2194.4 1.36 3650 0.06 3 35 1300 45 126 0.1 
Appendix E2 F2-10 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File I VIJT·VM·A SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratkJ ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD3 715320 504869 773 263.75 263.76 3T090 2194.7 2.31 7100 0.01 3 30 780 120 2.5 0.1 
TMPD3 715320 504868 771 265.90 265.91 3T091 2196.9 3.80 2300 0.02 1 15 50 20 0.4 0.1 
TMPD3 715320 504866 763 273.50 273.51 3T094 2195.2 2.15 3600 0.01 1 15 120 40 0.5 0.1 
TMPD3 715320 504857 734 304.60 304.61 3T104 2195.2 1.01 1800 0.05 3 50 440 75 0.5 0.1 
TMPD3 715320 504854 726 312.20 312.21 3T107 2197.9 1.97 2000 0.02 3 50 120 85 0.4 0.1 
TMPD3 715320 504853 724 315.20 315.21 3T108 2197.1 2.26 2100 0.01 3 50 100 15 0.7 0.15 
TMPD3 715320 504849 710 329.30 329.31 3T113 2196.4 1.13 3200 0.02 4 70 200 25 2.2 0.15 
TMPD3 715320 504848 708 332.00 332.01 3T114 2205.6 0.75 2400 0.04 7 210 260 20 2 0.1 
TMPD3 715320 504847 702 338.00 338.01 3T116 2201 .1 2.34 1400 0.01 3 90 680 10 2.3 0.1 
TMPD3 715320 504844 692 347.85 347.86 3T119 2201 .2 1.24 2100 0.01 3 100 520 45 1.4 0.1 
TMPD3 715320 504842 686 354.00 354.01 3T121 2198.6 1.56 2800 0.04 4 100 440 45 2.4 0.1 
TMPD3 715320 504841 683 357.15 357.16 3T122 2203.1 1.34 3000 0.02 4 85 140 40 2 0.1 
TMPD3 715320 504840 681 360.20 360.21 3T123 2202.2 1.18 1300 0.02 5 700 4300 25 3.2 0.1 
TMPD3 715320 504839 678 363.40 363.41 3T124 2201 .9 0.84 3500 0.05 4 1900 4500 45 4.1 0.1 
TMPD3 715320 504837 669 372.20 372.21 3T127 2206.2 0.32 240 0.01 2 60 180 5 0.7 0.1 
TMPD3 715320 504836 666 375.30 375.31 3T128 2200.7 0.32 260 0.01 1 55 160 2 1.1 0.1 
TMPD3 715320 504835 664 377.90 377.91 3T129 2200.6 0.29 170 0.01 1 50 110 2 0.7 0.1 
TMPD3 715320 504834 661 380.20 380.21 3T130 2201.4 0.33 900 0.01 1 55 190 15 1 0.15 
TMPD3 715320 504832 653 388.55 388.56 3T133 2203.4 0.39 280 0.01 2 90 400 2 1.4 0.1 
TMPD3 715320 504831 651 390.70 390.71 3T134 2206.1 0.63 260 0.01 2 40 130 2 1 0.1 
TMPD3 715320 504831 650 392.15 392.16 3T135 2206.3 0.76 190 0.01 4 50 230 2 1 0.1 
TMPD3 715320 504830 647 395.00 395.01 3T136 2202.6 0.25 500 0.01 2 75 340 5 1.6 0.1 
TMPD3 715320 504829 644 398.00 398.01 3T137 2200.4 0.68 3100 0.02 2 50 170 25 2.2 0.1 
TMPD3 . . - 400.50 400.51 3T138 2204.1 1.20 3100 0.02 2 50 170 25 2.2 0.1 
TMPD31 715297 505980 1086 17.40 17.41 31T017 2202.1 0.58 270 0.04 3 30 90 2 0.6 
TMPD31 715297 505977 1082 22.20 22.21 31T003 2208.0 0.21 10200 0.37 1 20 30 20 2 
TMPD31 715297 505976 1080 24.45 24.46 31T011 2206.5 0.21 4400 0.33 1 35 65 15 0.3 
TMPD31 715297 505975 1077 27.40 27.41 31T006 2204.5 0.21 11100 0.37 1 50 30 10 0.7 
TMPD31 715297 505972 1073 32.15 32.16 31T073 2190.2 0.92 330 0.07 6 40 110 2 0.6 
TMPD31 715297 505969 1067 39.05 39.06 31T014 2206.5 0.60 100 0.02 1 35 80 2 0.5 
TMPD31 715297 505968 1065 41.00 41.01 31T004 2203.6 0.83 6800 0.30 1 40 30 20 0.8 
TMPD31 . - - 48.40 48.41 31T013 2193.2 1.06 450 0.04 2 25 65 5 0.4 
TMPD31 715297 505964 1059 48.40 48.41 31T012 2193.3 0.98 3600 0.13 1 40 220 10 0.6 
TMPD31 715297 505962 1056 51.80 51 .81 31T001 2207.1 0.94 8300 0.60 1 20 45 2 0.6 
TMPD31 715297 505961 1054 53.85 53.86 31T002 2203.9 0.71 10400 0.33 1 15 15 25 0.6 
TMPD31 715297 505956 1045 64.30 64.31 31T066 2205.5 1.05 3300 0.13 1 40 130 10 0.8 
TMPD31 715297 505955 1043 66.90 66.91 31T074 2198.0 0.71 600 0.15 6 120 350 10 0.7 
TMPD31 505950 1034 76.80 76.81 31T048 2191.5 1.00 
TMPD31 715297 505946 1028 84.50 84.51 31T076 2195.1 1.26 580 0.14 2 90 170 2 0.8 
TMPD31 715297 505909 964 157.90 157.91 31T031 2199.2 1.04 8500 0.27 4 25 25 10 0.8 
TMPD31 715297 505906 958 164.80 164.81 31T024 2191 .0 0.65 120 0.04 2 25 65 2 0.6 
TMPD31 715297 505893 937 189.80 189.81 31T029 2193.8 1.26 1500 0.05 2 25 70 5 0.5 
TMPD31 715297 505881 916 213.70 213.71 31T072 2185.5 0.61 75 0.04 2 25 70 2 0.4 
TMPD31 715297 505881 915 214.35 214.36 31T071 2192.7 0.65 75 0.04 2 25 70 2 0.6 
TMPD33 714659 505931 1026 3.60 3.61 33T001 2202.5 0.44 
TMPD33 714659 505930 1024 6.05 6.06 33T002 2194.5 0.22 110 0.03 5 20 90 15 1.2 
TMPD33 714659 505928 1021 9.46 9.47 33T003 2200.2 0.33 110 0.03 5 20 90 15 1.2 
TMPD33 714659 505926 1018 13.00 13.01 33T004 2197.7 0.33 85 0.01 6 10 85 5 1.3 
TMPD33 714659 505925 1015 16.41 16.42 33T005 2196.4 0.39 85 0.01 6 10 85 5 1.3 
TMPD33 714659 505923 1012 19.65 19.66 33T006 2198.4 0.23 90 0.02 5 5 50 5 1 
TMPD33 714659 505920 1006 26.30 26.31 33T008 2198.1 0.28 100 0.01 4 10 55 5 1 
TMPD33 714659 505918 1003 29.20 29.21 33T009 2189.6 0.23 100 0.01 4 10 55 5 1 
TMPD33 714659 505915 998 36.00 36.01 33T011 2199.2 0.20 140 0.02 5 10 60 5 1 
TMPD33 714659 505914 995 39.00 39.01 33T012 2200.7 0.38 140 0.02 5 10 60 5 1 
TMPD33 714659 505912 992 42.25 42.26 33T013 2200.8 0.54 580 0.04 5 15 55 10 0.8 
TMPD33 714659 505911 989 45.20 45.21 33T014 2183.7 0.21 580 0.04 5 15 55 10 0.8 
TMPD33 714659 505909 987 48.30 48.31 33T015 2195.1 0.49 1800 0.03 4 40 90 20 1 
TMPD33 714659 505907 984 52.00 52.01 33T016 2198.6 0.73 1800 0.03 4 40 90 20 1 
TMPD33 714659 505906 980 55.50 55.51 33T017 2199.3 0.58 1400 0.04 4 80 170 15 1.3 
TMPD33 714659 505904 978 58.60 58.61 33T018 2197.3 0.68 1400 0.04 4 80 170 15 1.3 
TMPD33 714659 505903 976 61.00 61.01 33T019 2189.0 0.30 1200 0.03 4 45 85 20 1 
TMPD33 714659 505901 973 64.25 64.26 33T020 2198.8 0.25 1200 0.03 4 45 85 20 1 
TMPD33 714659 505900 971 66.30 66.31 33T021 2193.8 0.98 360 0.02 6 50 95 5 1.3 
TMPD33 714659 505899 968 69.30 69.31 33T022 2196.3 0.52 360 0.02 6 50 95 5 1.3 
TMPD33 714659 505893 957 82.30 82.31 33T025 2192.5 0.73 2500 0.02 4 90 100 20 1.3 
TMPD33 714659 505892 955 85.01 85.02 33T026 2190.4 0.72 1300 0.01 6 70 160 10 1.8 
TMPD33 714659 505890 952 88.00 88.01 33T027 2182.4 0.86 2900 0.04 4 15 140 40 1 
Appendix E2 F2-11 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-Fiie u<..1-0H·A. sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD33 714659 505888 948 92.40 92.41 33T028 2197.0 0.64 3300 0.03 3 20 130 55 1.2 
TMPD33 714659 505887 945 95.40 95.41 33T029 2189.7 0.59 2800 0.02 2 30 260 140 1 
TMPD33 714659 505885 943 98.40 98.41 33T030 2190.3 0.75 3000 0.02 3 10 220 45 1.3 
TMPD33 714659 505884 941 100.30 100.31 33T031 2186.0 0.48 4800 0.06 3 10 210 45 1.3 
TMPD33 714659 505883 939 103.10 103.11 33T032 2188.9 0.53 3400 0.04 4 10 250 45 1.8 
TMPD33 714659 505878 929 114.10 114.11 33T034 2194.0 0.74 400 0.06 7 5 140 5 1.8 
TMPD33 714659 505875 924 120.05 120.06 33T035 2188.0 0.69 6600 0.05 11 85 25 30 2 
TMPD33 714659 505874 921 123.00 123.01 33T036 2194.2 1.08 8400 0.03 3 110 25 25 2 
TMPD33 714659 505872 918 126.50 126.51 33T037 2195.8 1.32 7300 0.08 5 30 40 15 1.8 
TMPD33 714659 505869 913 132.50 132.51 33T039 2190.3 0.92 11200 0.09 12 5 35 15 4.5 
TMPD33 714659 505868 910 135.10 135.11 33T040 2193.6 0.72 8900 0.17 2 25 30 15 2 
TMPD33 714659 505866 907 139.25 139.26 33T041 2195.4 0.63 11000 0.22 2 40 65 25 2 
TMPD33 714659 505865 903 142.80 142.81 33T042 2191 .5 1.14 8600 0.55 5 45 130 55 2.5 
TMPD33 714659 505864 902 144.00 144.01 33T043 2187.6 0.80 8500 0.20 9 10 30 40 2 
TMPD33 714659 505860 895 152.11 152.12 33T046 2206.4 0.21 110 0.01 2 5 70 5 1.5 
TMPD33 714659 505859 892 155.60 155.61 33T047 2206.7 0.39 160 0.02 3 5 100 5 1.2 
TMPD33 714659 505856 886 162.30 162.31 33T049 2206.7 0.30 140 0.01 2 5 70 5 1.8 
TMPD33 714659 505854 882 166.95 166.96 33T050 2185.4 0.65 5600 0.18 3 45 30 35 2.5 
TMPD33 714659 505852 879 169.80 169.81 33T051 2188.3 0.63 7100 0.22 3 60 25 40 3 
TMPD33 714659 505846 866 185.00 185.01 33T057 2198.2 0.54 4600 0.13 4 10 90 45 2 
TMPD33 714659 505843 861 190.45 190.46 33T059 2200.1 0.80 8400 0.32 3 20 45 35 2.2 
TMPD33 714659 505842 858 193.45 193.46 33T060 2186.5 0.65 7600 0.24 4 25 45 25 3 
TMPD33 714659 505839 852 199.90 199.91 33T062 2201.5 0.60 220 0.02 2 110 350 5 3.5 
TMPD33 714659 505838 850 202.25 202.26 33T063 2192.6 0.66 6800 0.19 5 5 85 15 1 
TMPD33 714659 505836 848 205.30 205.31 33T064 2181 .2 0.90 7200 0.33 2 5 50 25 1 
TMPD33 714659 505835 845 208.00 208.01 33T065 2193.3 0.52 400 0.04 4 45 220 15 1.2 
TMPD33 714659 505834 842 211.00 211 .01 33T066 2194.6 0.79 2000 0.11 3 25 95 30 2 
TMPD33 714659 505832 839 214.80 214.81 33T067 2205.4 0.74 160 0.03 2 10 110 5 2.5 
TMPD33 714659 505831 836 217.80 217.81 33T068 2200.9 0.59 160 0.04 3 25 85 5 1 
TMPD33 714659 505830 834 220.75 220.76 33T069 2208.2 0.28 660 0.07 7 55 310 5 1.8 
TMPD33 714659 505825 825 230.20 230.21 33T072 2192.8 1.60 4000 0.08 4 5 25 10 0.7 
TMPD33 714659 505823 820 236.60 236.61 33T074 2194.8 2.07 6300 0.03 2 10 590 15 1.4 
TMPD33 714660 505803 780 280.60 280.61 33T090 2191.0 1.53 6600 0.09 25 5 75 25 1.5 
TMPD33 714660 505796 764 298.50 298.51 33T096 2194.3 1.82 3500 0.20 15 5 130 50 0.7 
TMPD33 714660 505795 761 301 .15 301.16 33T097 2197.9 4.09 7500 0.43 4 5 25 45 1.3 
TMPD33 714660 505793 759 304.15 304.18 33T098 2195.8 1.95 7100 0.33 4 5 40 50 1.2 
TMPD33 714660 505792 756 307.15 307.16 33T099 2196.2 3.40 9100 0.43 5 5 35 160 1.3 
TMPD33 714660 505790 750 313.60 313.61 33T101 2192.8 2.73 7600 0.14 4 5 30 40 0.8 
TMPD33 714660 505784 739 325.90 325.91 33T105 2191.9 1.20 220 0.03 26 95 120 5 0.7 
TMPD33 714660 505782 733 332.35 332.36 33T107 2197.4 1.02 330 0.01 3 95 260 5 1.5 
TMPD33 714660 505780 730 335.85 335.86 33T108 2204.0 0.48 370 0.10 53 260 320 5 2 
TMPD33 714661 505779 727 338.75 338.76 33T109 2204.3 0.87 65 0.02 1 30 160 5 0.7 
TMPD33 714661 505778 725 341 .35 341.36 33T110 2203.4 0.90 35 0.01 2 25 15 2 1 
TMPD33 714661 505777 722 344.80 344.81 33T111 2194.0 1.03 4000 0.04 6 45 60 35 0.8 
TMPD33 714661 505772 711 356.50 356.51 33T115 2193.6 1.69 4900 0.06 126 5 55 55 1.7 
TMPD34 714692 505649 1025 6.15 6.16 34T001 2190.3 0.44 1000 0.04 1 70 180 55 1.3 
TMPD34 714692 505649 1022 9.00 9.01 34T002 2184.7 0.38 1000 0.04 1 70 180 55 1.3 
TMPD34 714692 505649 1019 12.00 12.01 34T003 2193.2 0.56 1800 0.01 1 85 180 75 1.8 
TMPD34 714692 505649 1016 15.00 15.01 34T004 2192.1 0.67 1800 0.01 1 85 180 75 1.8 
TMPD34 714692 505649 1013 18.00 18.01 34T005 2199.3 0.84 2900 0.04 1 75 260 50 1.3 
TMPD34 714692 505649 1007 24.00 24.01 34T007 2192.9 0.69 2100 0.05 1 60 340 75 1.5 
TMPD34 714692 505649 1004 27.00 27.01 34T008 2190.7 1.05 2100 0.05 1 60 340 75 1.5 
TMPD34 714692 505649 1001 30.00 30.01 34T009 2190.3 0.93 1100 0.01 1 80 350 50 1 
TMPD34 714692 505649 998 33.00 33.01 34T010 2192.5 0.49 1100 0.01 1 80 350 50 1 
TMPD34 714692 505649 995 36.00 36.01 34T011 2193.9 0.74 1700 0.04 2 45 320 100 1 
TMPD34 714692 505649 992 39.00 39.01 34T012 2194.8 1.11 1700 0.04 2 45 320 100 1 
TMPD34 714692 505649 989 42.00 42.01 34T013 2191.1 0.85 790 0.05 2 50 170 75 0.8 
TMPD34 714692 505649 976 55.50 55.51 34T018 2181.5 0.52 1000 0.06 12 45 70 60 0.8 
TMPD34 714690 505650 860 171.65 171.66 34T056 2190.3 0.78 2100 0.01 12 35 50 70 0.8 
TMPD34 714690 505650 854 177.70 177.71 34T058 2203.9 0.38 1600 0.06 4 35 390 35 0.8 
TMPD34 714689 505650 816 215.10 215.11 34T070 2190.6 1.37 1700 0.05 2 35 280 55 0.5 
TMPD34 714689 505650 813 218.00 218.01 34T071 2192.1 1.15 1700 0.02 1 40 190 20 0.8 
TMPD34 714689 505650 810 221 .40 221.41 34T072 2193.0 1.17 1400 0.05 2 40 270 15 1 
TMPD34 714689 505650 803 227.80 227.81 34T074 2195.2 1.41 1300 0.01 1 30 230 45 0.3 
TMPD34 714689 505650 798 233.50 233.51 34T076 2195.0 0.96 2300 0.01 69 30 40 140 0.3 
TMPD34 714688 505650 795 236.00 236.01 34T077 2192.3 1.34 2500 0.06 7 35 50 80 0.8 
TMPD34 714688 505650 792 239.00 239.01 34T078 2197.1 0.71 2600 0.08 20 25 30 20 0.3 
Appendix E2 F2-12 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File 1 ocT-otl-). SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD34 714688 505650 789 242.00 242.01 34T079 2202.1 0.65 2900 0.05 25 35 25 95 0.5 
TMPD34 714688 505650 786 245.00 245.01 34T080 2204.8 0.77 2500 0.06 95 35 30 70 0.8 
TMPD34 714688 505650 783 248.00 248.01 34T081 2192.9 1.05 3700 0.20 19 25 20 95 0.9 
TMPD34 714688 505650 780 251.15 251 .16 34T082 2191.6 1.29 3400 0.01 74 40 35 75 0.5 
TMPD34 714688 505650 777 254.00 254.01 34T083 2192.6 1.14 2200 0.01 80 30 20 95 0.8 
TMPD34 714688 505650 774 257.00 257.01 34T084 2193.7 0.54 2600 0.15 95 35 25 35 0.8 
TMPD34 714688 505650 771 260.60 260.61 34T085 2198.1 1.38 2400 0.09 3 55 35 60 0.8 
TMPD34 714688 505650 768 263.10 263.11 34T086 2196.0 0.87 1300 0.03 3 50 120 5 0.7 
TMPD34 714688 505650 765 266.00 266.01 34T087 2195.1 1.18 2700 0.10 2 30 440 35 1 
TMPD34 714688 505650 762 269.30 269.31 34T088 2199.3 1.06 2300 0.28 188 40 25 75 1 
TMPD34 714688 505650 759 272.00 272.01 34T089 2194.7 1.32 4600 0.18 39 50 35 35 0.8 
TMPD34 714687 505650 756 275.00 275.01 34T090 2196.2 1.62 3600 0.17 32 30 35 35 0.5 
TMPD34 714687 505650 753 278.00 278.01 34T091 2191 .9 1.29 2200 0.28 29 65 35 15 0.5 
TMPD34 714687 505650 748 283.40 283.41 34T093 2197.3 2.15 2500 0.24 72 60 30 35 0.5 
TMPD34 714687 505650 730 301 .00 301.01 34T098 2197.7 1.33 3200 0.45 45 70 20 70 0.8 
TMPD34 714687 505650 727 304.00 304.01 34T099 2194.1 1.11 4700 0.45 20 70 20 70 0.7 
TMPD34 714687 505650 724 307.00 307.01 34T100 2195.2 2.33 3900 0.38 24 65 30 55 0.3 
TMPD34 714686 505650 715 316.00 316.01 34T103 2187.0 0.80 2000 0.19 65 65 20 15 0.2 
TMPD34 714686 505650 712 319.00 319.01 34T104 2192.4 0.89 3000 0.32 68 50 25 25 0.2 
TMPD34 714686 505650 709 322.00 322.01 34T105 2198.0 2.79 1500 0.17 6 40 20 20 0.2 
TMPD34 714686 505650 697 334.00 334.01 34T109 2191 .3 1.20 4600 0.28 23 25 25 40 0.2 
TMPD34 714686 505649 687 344.00 344.01 34T112 2194.9 3.12 1800 0.15 19 50 30 55 0.2 
TMPD34 714686 505649 681 350.00 350.01 34T114 2194.2 3.28 510 0.03 39 15 30 90 0.2 
TMPD34 714685 505649 673 358.00 358.01 34T117 2193.1 0.81 9800 0.35 2850 25 15 55 1 
TMPD34 714685 505649 663 368.55 368.56 34T120 2194.6 1.61 2200 0.04 590 15 20 50 0.2 
TMPD34 714685 505649 660 371 .60 371.61 34T121 2195.9 0.94 1500 0.05 1050 25 15 55 0.2 
TMPD34 714684 505649 637 394.00 394.01 34T128 2195.1 3.28 350 0.04 13 5 15 35 0.2 
TMPD34 714684 505649 632 399.00 399.01 34T130 2206.3 1.09 51000 0.26 1300 30 20 75 5.9 
TMPD35 714678 505324 1065 9.30 9.31 35T001 2205.2 0.72 160 0.01 3 10 200 5 1 
TMPD35 714678 505326 1062 13.20 13.21 35T002 2205.1 0.51 290 0.01 1 20 110 10 0.6 
TMPD35 714677 505335 1045 32.00 32.01 35T007 2197.6 0.40 210 0.10 2 5 50 2 0.2 
TMPD35 714676 505368 982 104.00 104.01 35T030 2186.9 0.88 1600 0.10 1 25 330 45 1 
TMPD35 714675 505374 971 116.00 116.01 35T034 2196.5 0.94 2300 0.23 2 50 200 10 0.5 
TMPD35 714675 505377 965 122.65 122.66 35T036 2200.9 0.51 1800 0.10 1 20 300 5 1.6 
TMPD35 714675 505378 963 125.00 125.01 35T037 2201 .9 0.65 820 0.03 1 40 340 2 0.5 
TMPD35 714675 505380 960 128.00 128.01 35T038 2200.5 2.17 4700 0.25 2 40 30 10 0.8 
TMPD35 714675 505381 958 131 .15 131.16 35T039 2192.2 0.62 4400 0.27 8 20 25 10 1.7 
TMPD35 714675 505382 955 134.00 134.01 35T040 2194.8 0.59 410 0.17 2 15 840 15 0.8 
TMPD35 714675 505387 947 143.40 143.41 35T043 2196.8 2.20 130 0.06 1 20 45 5 0.5 
TMPD35 714675 505391 939 152.70 152.71 35T046 2201.9 0.63 120 0.03 1 20 800 5 1.2 
TMPD35 714674 505392 936 155.00 155.01 35T047 2189.3 0.81 190 0.05 1 35 75 5 0.5 
TMPD35 714674 505394 933 158.80 158.81 35T048 2195.9 1.04 140 0.03 1 20 70 2 0.8 
TMPD35 714674 505395 931 161.00 161 .01 35T049 2193.7 0.76 290 0.03 1 20 240 55 0.8 
TMPD35 714674 505402 918 175.50 175.51 35T054 2183.0 0.70 10300 0.65 10 25 50 85 0.5 
TMPD35 714673 505408 905 190.00 190.01 35T059 2188.9 1.38 19600 0.80 2 15 20 5 0.5 
TMPD35 714673 505411 899 196.70 196.71 35T061 2193.5 1.21 13600 0.73 3 10 10 70 3 
TMPD35 714673 505416 891 205.85 205.86 35T063 2190.6 1.01 3200 0.09 2 10 10 30 0.2 
TMPD35 714673 505418 887 211 .15 211 .16 35T065 2190.5 1.01 17000 0.80 4 30 20 35 1.2 
TMPD35 714672 505421 881 217.90 217.91 35T067 2191 .6 1.26 22900 0.77 30 120 80 20 3 
TMPD35 714672 505422 878 220.90 220.91 35T068 2190.9 1.12 6900 0.37 13 55 160 75 1 
TMPD35 714672 505429 865 235.00 235.01 35T073 2197.7 1.05 5400 0.11 1 10 220 10 1 
TMPD35 714671 505430 863 238.00 238.01 35T074 2197.7 1.34 9900 0.43 1 20 40 45 3 
TMPD35 714671 505431 860 241 .00 241 .01 35T075 2196.5 0.73 15800 0.50 1 20 25 30 4 
TMPD35 714671 505434 855 247.00 247.01 35T077 2200.6 1.34 17400 1.09 1 30 50 140 3 
TMPD35 714671 505436 852 250.00 250.01 35T078 2197.5 1.15 6100 0.33 2 35 60 30 1.5 
TMPD35 714671 505437 849 253.00 253.01 35T079 2196.7 1.06 5300 0.12 1 35 140 300 1.2 
TMPD35 714670 505444 836 268.00 268.01 35T084 2191 .5 1.12 3600 0.22 78 35 270 35 1.8 
TMPD35 714670 505445 833 271 .00 271 .01 35T085 2191.3 1.37 4000 0.17 25 65 380 35 1.3 
TMPD35 714670 505446 831 274.00 274.01 35T086 2191 .0 1.46 8700 0.12 26 70 280 30 1 
TMPD35 714670 505448 827 277.60 277.61 35T087 2194.6 1.62 11800 0.19 20 50 180 45 2 
TMPD35 714670 505450 824 281.80 281 .81 35T088 2191.1 1.56 3900 0.14 7 15 60 40 1 
TMPD35 714670 505451 822 284.20 284.21 35T089 2195.6 2.76 6900 0.21 23 90 80 15 1 
TMPD35 714669 505454 816 290.10 290.11 35T091 2193.5 2.96 6600 0.25 6 45 160 15 1.8 
TMPD35 714669 505455 814 293.00 293.01 35T092 2197.9 0.96 10400 0.40 2 25 140 20 3.5 
TMPD35 714669 505456 811 296.00 296.01 35T093 2192.3 0.46 6000 0.27 90 30 220 15 2 
TMPD35 714669 505459 806 302.00 302.01 35T095 2192.0 1.62 4100 0.19 8 30 300 40 0.8 
TMPD35 714869 505460 803 305.00 305.01 35T096 2192.9 0.63 4200 0.24 16 25 130 20 0.8 
Appendix E2 F2-13 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File u1.;T-UM-A. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD35 714668 505471 782 329.00 329.01 35T104 2193.4 1.28 7200 0.19 66 50 85 25 2.8 
TMPD35 714668 505474 776 335.00 335.01 35T106 2197.2 1.14 10000 0.50 1 15 60 50 2 
TMPD35 714667 505477 771 341 .00 341 .01 35T108 2186.0 0.46 5200 0.37 1 120 110 20 1.8 
TMPD40 715818 505211 1167 23.10 23.11 40T006 2192.8 1.08 100 0.11 280 5 10 20 0.5 
TMPD40 715818 505212 1165 25.90 25.91 40T007 2191.4 1.23 160 0.27 430 5 20 35 0.2 
TMPD40 715818 505213 1162 28.90 28.91 40T008 2189.8 1.42 15500 0.47 520 10 25 20 1.1 
TMPD40 715818 505215 1159 32.60 32.61 40T009 2194.0 1.41 650 0.44 900 5 5 40 0.8 
TMPD40 715818 505216 1157 35.20 35.21 40T010 2204.8 1.17 90 0.83 280 5 5 35 0.6 
TMPD40 715818 505218 1155 37.80 37.81 40T011 2207.0 1.82 260 3.10 840 5 10 100 0.5 
TMPD40 715818 505227 1137 57.70 57.71 40T016 2193.1 0.99 170 0.37 540 5 10 40 0.7 
TMPD40 715818 505282 1034 174.00 174.01 40T055 2192.2 1.73 7000 1.90 8 120 50 180 2 
TMPD40 715818 505286 1027 182.40 182.41 40T058 2190.5 1.59 7400 9.13 30 20 30 20 2 
TMPD40 715818 505287 1024 185.30 185.31 40T059 2191.2 1.25 21300 0.37 740 70 50 25 4 
TMPD40 715818 505288 1022 188.30 188.31 40T060 2191 .5 1.23 42600 0.53 2250 75 50 20 3 
TMPD40 715818 505290 1019 191 .30 191.31 40T061 2190.8 1.90 15300 0.63 145 90 25 10 4 
TMPD40 715818 505291 1016 194.30 194.31 40T062 2192.5 2.21 19000 0.90 520 65 45 15 3.9 
TMPD40 715818 505292 1014 197.40 197.41 40T063 2193.8 1.25 9600 0.43 280 70 80 20 4.5 
TMPD40 715818 505294 1011 200.50 200.51 40T064 2192.8 1.42 20000 0.50 190 55 140 35 7 
TMPD40 715818 505295 1008 204.00 204.01 40T065 2187.9 0.70 12000 0.37 90 110 120 25 6.5 
TMPD40 715818 505298 1002 210.50 210.51 40T067 2193.7 1.21 5500 0.34 9 45 20 30 0.8 
TMPD40 715818 505299 999 213.50 213.51 40T068 2201 .3 3.38 4700 0.17 230 30 60 30 0.9 
TMPD40 715818 505301 996 216.80 216.81 40T069 2207.0 1.41 95 0.05 8 35 110 5 0.2 
TMPD40 715818 505302 993 219.80 219.81 40T070 2195.5 2.19 3000 0.18 14 50 60 25 0.4 
TMPD40 715818 505304 991 222.80 222.81 40T071 2190.4 1.47 3400 0.32 10 50 25 15 0.4 
TMPD40 715818 505305 988 225.80 225.81 40T072 2193.0 3.55 6200 0.67 38 50 60 35 0.7 
TMPD40 715818 505309 980 234.80 234.81 40T075 2193.9 2.10 6600 0.70 72 45 80 60 1 
TMPD40 715818 505310 977 237.70 237.71 40T076 2197.3 5.32 8500 0.47 9 35 20 15 0.8 
TMPD40 715818 505311 975 240.70 240.71 40T077 2195.6 3.32 10400 1.07 140 75 65 10 1.4 
TMPD40 715818 505314 969 247.30 247.31 40T079 2192.2 0.77 7200 0.80 72 40 25 15 1 
TMPD40 715818 505316 963 253.00 253.01 40T081 2200.0 1.29 21500 1.27 6 45 30 40 0.4 
TMPD40 715818 505318 961 256.00 256.01 40T082 2198.3 0.66 11600 1.20 19 50 110 35 1.1 
TMPD40 715818 505323 949 269.00 269.01 40T086 2196.4 1.00 6100 0.70 220 55 20 15 0.9 
TMPD40 715818 505330 935 284.70 284.71 40T091 2196.6 2.97 7500 0.97 75 20 25 10 1 
TMPD40 715818 505331 932 287.70 287.71 40T092 2197.5 6.91 9600 0.88 11 20 25 10 1 
TMPD40 715818 505333 928 291 .80 291 .81 40T093 2197.2 1.89 5900 0.22 46 55 50 55 0.9 
TMPD40 715818 505336 920 300.80 300.81 40T096 2202.5 1.40 14200 0.80 62 15 50 20 1.1 
TMPD40 715818 505337 917 303.80 303.81 40T097 2194.5 3.43 10400 0.43 13 20 25 35 1.1 
TMPD40 715818 505339 914 306.80 306.81 40T098 2196.1 6.79 6100 0.33 12 15 15 35 0.6 
TMPD40 715818 505340 912 309.80 309.81 40T099 2194.8 3.67 5200 0.37 12 30 15 25 1 
TMPD40 715817 505346 898 324.50 324.51 40T104 2196.2 7.91 11200 0.43 8 25 40 15 1 
TMPD40 715817 505350 890 333.90 333.111 40T107 21115.8 ·~ 144500 o.•1 8 25 50 5 1.2 TMPD40 715817 505352 884 340.00 340.01 40T109 2191.6 5.49 4000 0.27 6 30 25 25 0.3 
TMPD40 715817 505353 881 343.10 343.11 40T110 2196.0 5.54 13500 0.15 4 25 20 10 0.8 
TMPD40 715817 505355 878 346.60 346.61 40T111 2192.6 2.15 8100 0.37 62 20 20 20 1 
TMPD40 715816 505356 875 349.80 349.81 40T112 2195.4 2.96 11200 0.62 28 35 50 40 1.2 
TMPD40 715816 505359 867 359.00 359.01 40T115 2195.9 3.72 8400 0.55 24 30 25 10 0.8 
TMPD40 715816 505360 864 362.00 362.01 40T116 2195.9 1.42 4800 0.20 4 40 25 35 0.3 
TMPD40 715816 505363 858 368.40 368.41 40T118 2189.7 1.25 8100 0.24 3 40 25 5 1 
TMPD40 715815 505369 843 384.80 384.81 40T123 2187.4 1.12 10000 0.30 4 45 30 10 1 
TMPD40 715815 505371 840 388.10 388.11 40T124 2192.4 1.82 5300 0.12 8 35 40 5 0.3 
TMPD40 715815 505372 836 391.60 391 .61 40T125 2195.4 3.21 4600 0.07 4 35 20 20 0.5 
TMPD40 715815 505373 834 394.60 394.61 40T126 2193.8 1.50 6400 0.12 4 30 25 10 0.8 
TMPD40 71581• 50537• 831 3117.50 3117.51 40T127 219CIA 5.32 -'400 0.10 8 25 20 25 0.2 
TMPD40 715814 505375 828 400.50 400.51 40T128 2197.3 4.66 5500 0.14 44 60 30 15 1 
TMPD40 715814 505377 825 403.80 403.81 40T129 2193.6 1.78 4300 0.08 190 45 40 25 0.8 
TMPD40 715814 505379 819 410.80 410.81 40T131 2191 .0 1.17 6100 0.37 3 30 30 10 0.7 
TMPD40 715814 505380 816 413.40 413.41 40T132 2196.7 1.04 1700 0.06 6 65 25 45 0.8 
TMPD40 715813 505382 811 419.20 419.21 40T134 2190.2 0.96 5000 0.45 6 20 10 50 1.1 
TMPD40 715813 505383 810 420.70 420.71 40T135 2193.4 1.08 5000 0.45 6 20 10 50 1.1 
TMPD42 715802 505527 1195 11 .40 11.41 42T001 2203.5 1.23 
TMPD42 715802 505526 1192 14.40 14.41 42T002 2200.3 0.93 200 0.01 5 15 70 5 1 
TMPD42 715802 505525 1190 17.40 17.41 42T003 2204.0 1.13 200 0.01 5 15 70 5 1 
TMPD42 715802 505521 1184 24.00 24.01 42T005 2192.6 0.95 370 0.01 8 20 40 5 1.8 
TMPD42 715802 505520 1181 27.30 27.31 42T006 2204.3 0.68 370 0.01 8 20 40 5 1.8 
TMPD42 715802 505518 1178 30.70 30.71 42T007 2196.3 0.70 680 0.02 6 30 35 10 1.2 
TMPD42 715802 505517 1175 33.70 33.71 42T008 2204.3 1.01 680 0.02 6 30 35 10 1.2 
TMPD42 715802 505516 1173 36.50 36.51 42T009 2201.1 0.54 340 0.01 13 35 45 15 1 
Appendix E2 F2-14 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File I Ol;l·OH·:I. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD42 715802 505514 1171 39.20 39.21 42T010 2203.5 0.89 700 0.01 3 10 65 5 0.7 
TMPD42 715802 505513 1168 42.00 42.01 42T011 2198.8 0.92 180 0.01 7 25 40 2 0.3 
TMPD42 715802 505510 1162 48.30 48.31 42T013 2203.5 1.20 220 0.01 12 25 55 5 1 
TMPD42 715802 505509 1161 50.30 50.31 42T014 2193.6 0.90 150 0.02 18 50 50 25 1 
TMPD42 715802 505508 1158 53.80 53.81 42T015 2185.6 0.67 190 0.01 7 15 95 5 1.3 
TMPD42 715802 505506 1155 56.80 56.81 42T016 2188.7 0.71 160 0.01 12 25 70 5 1 
TMPD42 715802 505505 1153 59.10 59.11 42T017 2203.8 0.95 380 0.01 5 15 95 5 1.5 
TMPD42 715802 505504 1150 61.80 61 .81 42T018 2190.9 0.98 260 0.01 3 5 65 5 1 
TMPD42 715802 505503 1148 65.00 65.01 42T019 2200.9 0.92 290 0.01 16 10 95 2 1 
TMPD42 715802 505501 1145 68.00 68.01 42T020 2203.6 0.67 250 0.01 5 10 110 2 1 
TMPD42 715802 505500 1142 71.00 71.01 42T021 2192.5 0.68 290 0.02 5 20 110 5 0.8 
TMPD42 715802 505499 1139 74.40 74.41 42T022 2204.8 1.37 560 0.01 8 25 85 10 1 
TMPD42 715802 505497 1136 77.40 77.41 42T023 2196.6 1.07 1900 0.01 4 460 420 15 1 
TMPD42 715802 505496 1134 80.40 80.41 42T024 2197.0 0.81 890 0.01 3 15 65 5 1 
TMPD42 715802 505495 1131 83.40 83.41 42T025 2187.2 0.82 1000 0.01 4 15 45 5 1 
TMPD42 715802 505487 1115 101.10 101.11 42T031 2199.8 0.50 330 0.03 240 5 5 25 0.2 
TMPD42 715802 505485 1112 105.10 105.11 42T033 2192.4 0.64 4800 0.90 2600 10 50 60 3 
TMPD42 715802 505456 1050 173.10 173.11 42T058 2192.5 1.65 6300 0.33 4 65 60 30 1.8 
TMPD42 715802 505454 1048 176.00 176.01 42T059 2195.8 2.20 370 0.10 4 25 80 5 0.7 
TMPD42 715802 505452 1042 182.00 182.01 42T061 2197.9 0.58 620 0.13 5 40 220 5 1.5 
TMPD42 715802 505449 1037 187.60 187.61 42T063 2192.5 1.06 2500 0.33 76 35 25 200 1.2 
TMPD42 715802 505448 1034 190.60 190.61 42T064 2192.1 2.45 7600 0.53 218 20 40 15 1.5 
TMPD42 715802 505447 1032 193.50 193.51 42T065 2190.6 1.31 11000 0.82 574 50 30 40 2 
TMPD42 715802 505446 1029 196.50 196.51 42T066 2191.0 1.33 11500 0.50 439 25 50 30 1.8 
TMPD42 715802 505444 1026 199.85 199.86 42T067 2191 .8 2.22 10000 0.63 371 20 20 25 0.8 
TMPD42 715802 505443 1023 202.90 202.91 42T068 2193.3 2.59 15900 1.46 74 30 20 20 1.8 
TMPD42 715803 505422 977 253.90 253.91 42T085 2193.5 2.27 4300 0.14 29 15 110 200 1 
TMPD42 715803 505420 974 257.00 257.01 42T086 2194.7 3.02 5200 0.09 17 15 35 15 0.5 
TMPD42 715803 505417 966 266.00 266.01 42T089 2192.7 1.58 6400 0.20 59 20 40 125 0.8 
TMPD42 715803 505415 963 269.00 269.01 42T090 2191 .7 3.90 8900 0.53 49 25 180 50 2 
TMPD42 715803 505407 944 290.00 290.01 42T097 2189.3 0.71 2300 0.10 36 15 60 45 0.8 
TMPD42 715803 505404 939 296.00 296.01 42T099 2195.9 4.36 8100 0.40 74 10 60 25 1 
TMPD42 715803 505402 933 302.40 302.41 42T101 2191 .2 2.82 4900 0.34 17 10 40 20 0.8 
TMPD42 715803 505401 930 305.40 305.41 42T102 2196.0 1.60 5600 0.22 40 20 50 70 0.8 
TMPD42 715803 505400 928 308.00 308.01 42T103 2197.5 4.34 2600 0.10 200 10 30 40 0.8 
TMPD42 715803 505397 922 314.40 314.41 42T105 2189.9 1.00 2100 0.11 38 15 65 70 0.8 
TMPD42 715803 505396 920 316.80 316.81 42T106 2195.0 1.87 7600 0.16 14 10 60 45 1.5 
TMPD42 715803 505394 916 320.40 320.41 42T108 2204.4 0.26 770 0.01 5 20 100 5 0.5 
TMPD42 715803 505393 914 323.00 323.01 42T109 2205.4 0.73 
TMPD42 715803 505392 911 326.20 326.21 42T110 2205.2 0.18 
TMPD42 715803 505391 909 328.60 328.61 42T111 2204.3 0.26 120 0.01 3 10 75 2 1.5 
TMPD42 715803 505390 906 331 .60 331.61 42T112 2208.2 0.93 110 0.01 1 15 75 5 0.2 
TMPD42 715803 505389 904 333.50 333.51 42T113 2196.0 1.52 4200 0.20 11 10 45 60 0.8 
TMPD42 715803 505387 899 339.50 339.51 42T115 2190.8 1.73 4600 0.30 8 15 70 40 0.8 
TMPD42 715803 505386 897 341.40 341.41 42T116 2194.7 1.01 7700 0.93 10 10 40 20 1 
TMPD42 715803 505385 894 344.30 344.31 42T117 2193.2 1.57 16400 0.43 5 15 100 20 1 
TMPD42 715803 505382 889 350.20 350.21 42T119 2191.3 2.07 6000 0.30 6 5 50 50 0.5 
TMPD42 715803 505381 886 353.20 353.21 42T120 2195.1 2.31 4900 0.13 10 5 35 15 1.5 
TMPD42 715803 505379 880 359.70 359.71 42T122 2196.7 3.88 7300 0.27 8 5 40 5 0.7 
TMPD42 715803 505376 875 365.00 365.01 42T124 2194.5 1.90 6000 0.14 8 5 35 5 0.8 
TMPD42 715803 505375 873 368.00 368.01 42T125 2193.8 1.30 2100 0.07 2 5 75 15 1 
TMPD42 715803 505374 870 371 .00 371 .01 42T126 2195.2 5.26 3300 0.14 3 5 60 10 0.8 
TMPD42 715803 505370 862 380.00 380.01 42T129 2196.8 5.62 3500 0.24 3 5 45 20 0.3 
TMPD42 715803 505368 856 386.30 386.31 42T131 2191 .6 0.98 4200 0.11 2 5 90 15 1 
TMPD42 715803 505367 853 389.10 389.11 42T132 2189.7 0.84 5000 0.11 4 10 70 5 1 
TMPD42 715803 505365 851 392.00 392.01 42T133 2197.2 5.42 6300 0.11 3 10 45 5 1 
TMPD42 715803 505364 848 395.10 395.11 42T134 2197.1 3.74 2600 0.14 3 15 45 10 0.8 
TMPD42 715803 505363 845 398.00 398.01 42T135 2196.4 3.29 7000 0.13 2 15 40 10 1 
TMPD42 715803 505362 842 401.30 401.31 42T138 2196.1 7.64 7400 0.12 3 10 50 20 1 
TMPD42 715803 505360 840 404.30 404.31 42T137 2193.3 1.70 830 0.03 4 5 40 35 0.7 
TMPD43 715787 505823 1294 8.10 8.11 43T001 2198.8 0.94 180 0.04 5 15 45 5 0.5 
TMPD43 715787 505822 1292 11 .10 11.11 43T002 2190.6 0.87 180 0.04 5 15 45 5 0.5 
TMPD43 715787 505820 1289 14.10 14.11 43T003 2196.7 0.99 130 0.03 3 30 30 10 0.4 
TMPD43 715787 505819 1286 17.20 17.21 43T004 2193.0 1.07 130 0.03 3 30 30 10 0.4 
TMPD43 715787 505817 1284 20.20 20.21 43T005 2192.9 0.97 130 0.03 4 35 25 5 0.3 
TMPD43 715787 505816 1281 23.20 23.21 43T006 2190.6 0.81 130 0.03 4 35 25 5 0.3 
TMPD43 715787 505814 1279 26.10 26.11 43T007 2193.3 1.13 130 0.04 5 25 50 10 0.8 
Appendix E2 F2-15 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File v1,,T-vn·A. sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD43 715787 505811 1273 32.70 32.71 43T009 2188.5 0.66 140 0.04 4 30 55 15 0.2 
TMPD43 715787 505810 1270 35.70 35.71 43T010 2186.8 0.60 140 0.04 4 30 55 15 0.2 
TMPD43 715787 505808 1268 38.70 38.71 43T011 2194.2 0.95 230 0.04 2 25 110 10 0.7 
TMPD43 715787 505807 1265 41.30 41.31 43T012 2191.9 1.20 230 0.04 2 25 110 10 0.7 
TMPD43 715787 505806 1263 43.80 43.81 43T013 2197.7 1.80 1600 0.08 19 15 15 5 1.5 
TMPD43 715787 505804 1260 46.80 46.81 43T014 2192.6 1.32 1400 0.04 29 15 10 15 1.6 
TMPD43 715787 505803 1258 49.80 49.81 43T015 2194.2 1.31 75 0.05 6 20 10 10 0.2 
TMPD43 715787 505802 1255 52.60 52.61 43T016 2194.0 1.25 150 0.05 6 15 25 25 0.2 
TMPD43 715787 505798 1250 59.00 59.01 43T018 2199.0 1.16 2500 0.04 3 20 85 10 1.2 
TMPD43 715787 505797 1247 62.00 62.01 43T019 2191.8 1.12 610 0.01 3 20 15 15 0.3 
TMPD43 715787 505787 1229 83.00 83.01 43T026 2205.1 0.66 430 0.01 2 20 70 5 0.5 
TMPD43 715787 505786 1226 86.00 86.01 43T027 2205.9 1.12 830 0.01 2 20 210 5 1.6 
TMPD43 715787 505784 1223 89.00 89.01 43T028 2205.4 0.94 720 0.01 1 25 160 5 1.5 
TMPD43 715787 505783 1220 92.20 92.21 43T029 2205.6 0.48 100 0.01 1 10 120 2 0.8 
TMPD43 715787 505780 1215 98.30 98.31 43T031 2206.2 0.54 100 0.01 1 20 90 2 0.4 
TMPD43 715787 505779 1213 101 .00 101.01 43T032 2205.1 0.48 110 0.01 1 20 190 2 1.2 
TMPD43 715787 505777 1210 104.00 104.01 43T033 2199.9 0.67 500 0.03 1 25 30 2 0.7 
TMPD43 715787 505761 1178 139.50 139.51 43T045 2196.0 1.03 11200 0.01 320 15 25 75 1.6 
TMPD43 715787 505759 1173 145.60 145.61 43T047 2192.1 1.13 7900 0.28 105 20 110 60 1.5 
TMPD43 715787 505755 1165 154.50 154.51 43T050 2202.3 0.88 12200 0.43 220 30 60 220 0.2 
TMPD43 715789 505712 1080 249.60 249.61 43T082 2200.1 1.35 3200 0.06 8 20 20 30 1.2 
TMPD43 715789 505710 1075 255.10 255.11 43T084 2194.4 2.12 3300 0.17 8 80 75 25 2.3 
TMPD43 715789 505707 1069 261 .60 261.61 43T086 2204.1 0.27 610 0.02 9 65 140 5 0.7 
TMPD43 715789 505706 1067 264.10 264.11 43T087 2202.4 0.47 610 0.02 9 65 140 5 0.7 
TMPD43 715789 505705 1063 267.70 267.71 43T088 2207.4 0.32 140 0.01 2 20 120 2 1.4 
TMPD43 715789 505703 1061 270.70 270.71 43T089 2200.1 0.49 140 0.01 2 20 120 2 1.4 
TMPD43 715790 505701 1056 275.70 275.71 43T091 2206.5 0.43 110 0.01 3 45 100 2 1.2 
TMPD43 715790 505700 1053 278.70 278.71 43T092 2202.1 0.20 120 0.03 4 5 95 2 1 
TMPD43 715790 505699 1050 282.00 282.01 43T093 2202.7 0.40 120 0.03 4 5 95 2 1 
TMPD43 715790 505697 1047 285.70 285.71 43T094 2207.1 0.29 140 0.02 2 40 75 2 0.5 
TMPD43 715790 505696 1044 289.00 289.01 43T095 2197.9 0.22 140 0.02 2 40 75 2 0.5 
TMPD43 715790 505695 1043 290.00 290.01 43T096 2197.3 0.22 110 0.02 2 15 75 2 0.6 
TMPD43 715790 505694 1040 293.00 293.01 43T097 2200.2 0.18 110 0.02 2 15 75 2 0.6 
TMPD43 715790 505693 1038 296.00 296.01 43T098 2202.4 0.26 130 0.03 2 25 65 2 0.7 
TMPD43 . . . 300.10 300.01 43T099 2187.6 0.22 130 0.03 2 25 65 2 0.7 
TMPD43 715791 505690 1031 303.00 303.01 43T100 2204.1 0.22 110 0.50 4 10 85 2 1.2 
TMPD43 715791 505689 1028 306.00 306.01 43T101 2196.9 0.20 110 0.50 4 10 85 2 1.2 
TMPD43 715791 505688 1026 309.00 309.01 43T102 2181 .7 0.16 100 0.02 1 10 75 2 0.7 
TMPD43 715791 505687 1023 311 .80 311 .81 43T103 2204.8 0.02 100 0.02 1 10 75 2 0.7 
TMPD43 715791 505686 1021 314.00 314.01 43T105 2201 .4 0.17 120 0.02 4 15 75 2 0.6 
TMPD43 715791 505685 1019 316.20 316.21 43T104 2200.5 0.11 120 0.02 4 15 75 2 0.6 
TMPD43 715791 505684 1016 319.90 319.91 43T106 2203.5 0.44 120 0.02 4 15 75 2 0.6 
TMPD43 715791 505683 1013 322.80 322.81 43T107 2208.8 0.71 470 0.04 2 140 170 5 0.5 
TMPD43 715791 505681 1010 326.10 326.11 43T108 2203.7 0.79 140 0.09 55 90 240 2 1.2 
TMPD43 715792 505680 1007 329.10 329.11 43T109 2206.9 1.02 180 0.10 21 30 110 5 0.8 
TMPD43 715792 505678 1001 335.70 335.71 43T111 2192.1 1.38 4600 0.23 9 15 25 30 0.5 
TMPD43 715792 505676 997 340.50 340.51 43T113 2208.3 1.05 1600 0.06 4 35 75 5 0.2 
TMPD43 715792 505675 994 343.50 343.51 43T114 2209.1 0.89 190 0.04 5 40 80 5 0.3 
TMPD43 715792 505674 991 346.00 346.01 43T115 2205.6 0.64 110 0.02 2 10 90 2 0.8 
TMPD43 715792 505671 986 352.50 352.51 43T117 2204.8 0.35 100 0.12 2 10 75 2 0.5 
TMPD43 715792 505670 984 354.15 354.16 43T118 2203.1 0.41 100 0.12 2 10 75 2 0.5 
TMPD46 715802 505541 1198 7.60 7.61 46T001 2205.4 0.79 170 0.02 4 20 95 10 0.7 
TMPD46 715802 505543 1196 10.85 10.86 46T002 2201 .3 0.76 170 0.02 4 20 95 10 0.7 
TMPD46 715802 505544 1194 13.20 13.21 46T003 2193.6 0.88 340 0.03 6 15 95 10 1 
TMPD46 715802 505546 1191 16.50 16.51 46T004 2190.6 0.79 340 0.03 6 15 95 10 1 
TMPD46 715802 505547 1188 19.00 19.01 46T005 2196.5 1.07 440 0.02 6 120 85 20 0.7 
TMPD46 715802 505548 1186 22.00 22.01 46T006 2195.0 1.03 440 0.02 6 120 85 20 0.7 
TMPD46 715802 505552 1179 30.00 30.01 46T009 2195.4 1.10 330 0.02 6 20 160 5 0.8 
TMPD46 715802 505554 1176 33.10 33.11 46T010 2204.4 0.82 330 0.02 6 20 160 5 0.8 
TMPD46 715802 505555 1173 36.40 36.41 46T011 2204.9 0.66 580 0.01 6 15 190 5 1.2 
TMPD46 715802 505562 1160 51.00 51.01 46T016 2188.8 1.03 2000 0.03 44 20 100 15 0.7 
TMPD46 715802 505607 1072 150.00 150.01 46T048 2196.6 0.73 51600 0.95 550 40 30 570 4.8 
TMPD46 715799 505637 1011 218.00 218.01 46T071 2204.6 0.45 95 0.02 4 10 95 2 0.5 
TMPD46 715799 505638 1009 221.00 221.01 46T072 2204.9 0.22 120 0.03 4 10 85 2 0.6 
TMPD46 715799 505640 1006 224.00 224.01 46T073 2200.7 0.30 120 0.02 3 20 100 2 0.8 
TMPD46 715799 505641 1003 227.00 227.01 46T074 2202.8 0.41 120 0.02 3 20 100 2 0.8 
TMPD46 715799 505642 1000 230.00 230.01 46T075 2207.2 0.69 140 0.02 6 20 100 2 1 
Appendix E2 F2-16 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File Ul.iT·UM·~ SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD46 715798 505644 998 233.00 233.01 46T076 2207.8 0.90 140 0.02 6 20 100 2 1 
TMPD46 715798 505645 995 236.00 236.01 46T077 2208.1 0.92 95 0.03 6 35 90 2 0.7 
TMPD46 715798 505646 992 239.00 239.01 46T078 2210.4 0.99 140 0.03 5 80 170 5 0.2 
TMPD46 715798 505648 990 242.00 242.01 46T079 2208.3 0.91 110 0.01 9 20 110 2 1 
TMPD46 715798 505649 987 245.00 245.01 46T080 2202.4 0.19 110 O.o1 9 20 110 2 1 
TMPD46 715798 505650 984 248.00 248.01 46T081 2188.1 0.19 200 0.04 10 10 130 2 1 
TMPD46 715797 505651 981 251.20 251.21 46T082 2197.8 1.49 7900 0.40 5 5 20 20 0.5 
TMPD46 715797 505655 973 260.20 260.21 46T085 2196.0 1.42 2300 0.08 4 10 50 100 0.5 
TMPD46 715797 505657 970 263.50 263.51 46T086 2206.9 0.96 140 0.05 6 45 130 2 0.8 
TMPD46 715797 505658 968 266.40 266.41 46T087 2207.4 1.27 140 0.05 6 45 130 2 0.8 
TMPD46 715796 505659 965 269.00 269.01 46T088 2206.3 0.90 450 0.05 8 30 140 2 1 
TMPD46 715796 505663 957 278.00 278.01 46T091 2209.1 0.75 190 0.02 6 15 80 2 0.8 
TMPD46 715796 505664 954 281.00 281.01 46T092 2195.9 1.14 8400 0.37 5 10 15 25 1.8 
TMPD46 715794 505673 934 303.70 303.71 46T100 2193.9 1.26 7600 0.40 148 15 30 45 2.8 
TMPD46 715793 505683 911 328.90 328.91 46T109 2199.6 0.78 4600 0.12 2 10 20 10 1.3 
TMPD46 715793 505686 905 335.10 335.11 46T111 2195.3 2.72 8100 0.22 1 10 15 25 1.2 
TMPD46 715792 505687 902 338.00 338.01 46T112 2195.5 1.39 9100 0.43 1 10 15 55 2.1 
TMPD46 715792 505688 899 341.00 341.01 46T113 2196.7 1.03 9600 0.38 3 10 20 20 1.9 
TMPD46 715792 505689 897 344.00 344.01 46T114 2192.5 1.67 8600 0.28 4 10 15 20 1.9 
TMPD46 715792 505690 894 347.00 347.01 46T115 2191.6 0.69 7000 0.32 2 15 20 60 1.8 
TMPD46 715791 505693 888 353.70 353.71 46T117 2192.7 1.53 11600 0.55 2 15 25 20 2.2 
TMPD46 715791 505695 882 359.80 359.81 46T119 2189.7 1.19 5500 0.13 1 20 15 15 1.3 
TMPD46 715789 505709 849 395.40 395.41 46T131 2194.3 3.44 1600 0.06 5 5 10 110 0.8 
TMPD46 715788 505714 837 409.00 409.01 46T136 2191.7 1.29 6000 0.12 70 5 10 45 0.8 
TMPD47 715322 504961 1015 8.00 8.01 47T002 2201.3 0.24 160 0.04 5 10 70 2 0.7 
TMPD47 715322 504963 1012 11.10 11.11 47T003 2200.4 0.14 130 0.02 2 10 40 2 0.6 
TMPD47 715322 504964 1011 12.50 12.51 47T004 2190.5 0.62 130 0.02 2 10 40 2 0.6 
TMPD47 715322 504965 1009 15.40 15.41 47T005 2183.0 0.52 1400 0.09 2 20 110 10 0.8 
TMPD47 715322 504966 1006 18.45 18.46 47T006 2185.6 0.51 520 0.02 2 20 85 5 0.7 
TMPD47 715322 504968 1004 21 .00 21.01 47T007 2188.7 0.52 170 0.01 2 30 85 5 1 
TMPD47 715322 504969 1001 24.20 24.21 47T008 2190.0 0.57 290 0.02 4 30 70 2 1 
TMPD47 715322 504971 998 27.60 27.61 47T009 2192.1 0.67 250 O.o1 4 35 50 15 0.8 
TMPD47 715322 504973 995 31 .55 31.56 47T010 2186.8 0.52 95 O.o1 4 20 80 5 1.3 
TMPD47 715322 504974 993 33.10 33.11 47T011 2191 .2 0.69 220 0.01 6 20 45 5 1.2 
TMPD47 715322 504975 992 35.00 35.01 47T012 2188.4 0.68 370 0.02 2 25 30 5 1.3 
TMPD47 715322 504976 989 37.80 37.81 47T013 2190.7 0.91 290 0.03 5 15 45 10 0.8 
TMPD47 715322 504978 985 42.00 42.01 47T014 2191.1 0.73 180 0.02 4 10 50 2 0.8 
TMPD47 715322 504979 983 45.00 45.01 47T015 2189.7 0.56 350 0.02 2 20 60 5 1.2 
TMPD47 715322 504981 980 47.85 47.86 47T016 2190.1 0.72 740 0.02 10 20 30 10 1 
TMPD47 715322 504982 978 50.20 50.21 47T017 2190.7 0.64 560 0.03 5 15 65 5 1.3 
TMPD47 715322 504984 976 53.40 53.41 47T018 2186.9 0.59 430 0.02 8 30 65 10 1.3 
TMPD47 715322 504985 972 57.30 57.31 47T020 2201.1 2.22 350 0.01 34 20 30 10 0.6 
TMPD47 715322 504990 964 66.00 66.01 47T022 2191.3 0.92 870 0.08 102 35 65 10 0.5 
TMPD47 715322 504991 962 69.30 69.31 47T023 2193.3 0.80 4400 0.10 950 10 10 160 0.3 
TMPD47 715322 504992 961 70.30 70.31 47T024 2191.1 0.89 4400 0.10 950 10 10 160 0.3 
TMPD47 715322 504993 959 72.70 72.71 47T025 2190.8 1.02 8600 0.20 1400 25 420 80 1.3 
TMPD47 715322 504994 956 75.75 75.76 47T026 2192.4 1.04 4300 0.43 470 10 50 140 0.3 
TMPD47 715322 504995 954 78.25 78.26 47T027 2192.2 1.24 16600 0.56 1200 45 40 40 0.7 
TMPD47 715322 504997 951 81 .30 81.31 47T028 2191 .5 1.00 28300 0.57 2500 40 20 35 2.8 
TMPD47 715322 504998 949 83.50 83.51 47T029 2191 .9 1.01 31400 0.53 3800 85 160 180 5.2 
TMPD47 715322 504999 947 86.00 86.01 47T030 2190.3 1.01 3200 0.10 290 15 20 90 0.3 
TMPD47 715322 505000 944 89.00 89.01 47T031 2191 .3 1.43 19000 0.40 1200 35 15 220 1.6 
TMPD47 715322 505003 939 95.30 95.31 47T033 2191.3 1.39 10400 0.43 82 20 20 25 1.8 
TMPD47 715322 505004 937 97.30 97.31 47T034 2191.2 0.87 23000 0.62 380 15 15 15 2.7 
TMPD47 715322 505009 928 106.75 106.76 47T037 2192.0 1.09 23800 0.57 210 35 70 15 2.6 
TMPD47 715322 505010 926 109.65 109.66 47T038 2194.3 1.23 12800 0.50 260 30 20 75 0.7 
TMPD47 715322 505011 923 112.75 112.76 47T039 2193.2 1.02 19000 0.53 420 60 250 25 4.6 
TMPD47 715322 505013 920 115.80 115.81 47T040 2207.8 1.12 2200 0.11 21 65 190 10 0.5 
TMPD47 715322 505016 915 122.20 122.21 47T041 2194.1 2.41 8900 0.14 21 20 45 5 1.7 
TMPD47 715322 505017 912 125.55 125.56 47T042 2195.9 2.10 12900 0.29 240 35 100 5 3.4 
TMPD47 715322 505018 910 128.00 128.01 47T043 2192.7 2.58 9200 0.24 70 55 65 5 1.7 
TMPD47 715322 505020 907 131.00 131.01 47T044 2194.3 1.38 9600 0.25 30 35 30 5 1.7 
TMPD47 715321 505022 902 136.20 136.21 47T046 2192.2 1.69 11800 0.12 39 15 60 5 1.8 
TMPD47 715321 505023 900 138.55 138.56 47T047 2195.1 1.20 10500 0.35 8 10 15 2 1.4 
TMPD47 715321 505025 897 142.40 142.41 47T048 2192.6 1.61 16600 0.40 50 5 25 5 2.7 
TMPD47 715321 505027 892 147.45 147.46 47T049 2194.0 0.92 13400 0.34 7 15 120 20 1.8 
TMPD47 715321 505030 886 154.00 154.01 47T051 2191.8 1.85 11300 0.22 22 5 15 15 1.5 
Appendix E2 F2-17 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L FROM TO IRS-File Ul..1-UM•A SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD47 715321 505032 884 157.00 157.01 47T052 2195.8 2.57 11900 0.29 102 10 25 10 1.6 
TMPD47 715321 505033 881 160.40 160.41 47T053 2193.6 2.14 9500 0.20 4 10 20 5 1.3 
TMPD47 715321 505034 879 162.50 162.51 47T054 2197.4 0.73 8700 0.22 18 10 10 5 1 
TMPD47 715321 505035 877 165.00 165.01 47T055 2193.2 1.57 6400 0.15 4 10 15 15 1.8 
TMPD47 715321 505037 872 169.90 169.91 47T056 2195.4 2.62 12700 0.08 82 30 75 10 3 
TMPD47 715321 505038 871 171 .20 171.21 47T057 2194.3 1.45 10000 0.09 105 30 160 25 2.8 
TMPD47 715321 505040 868 174.80 174.81 47T058 2192.7 1.94 10100 0.15 35 30 20 20 1.2 
TMPD47 715321 505041 865 177.50 177.51 47T059 2189.4 1.87 6800 0.15 200 30 40 15 1.6 
TMPD47 715321 505042 863 180.80 180.81 47T060 2194.3 1.87 7500 0.13 38 20 55 30 1.5 
TMPD47 715321 505043 861 183.00 183.01 47T061 2208.5 0.87 120 0.01 3 5 55 2 0.7 
TMPD47 715321 505045 858 186.10 186.11 47T062 2205.2 0.50 110 0.01 4 5 70 2 0.6 
TMPD47 715321 505046 855 189.40 189.41 47T063 2206.6 0.60 100 0.04 2 5 70 2 0.7 
TMPD47 715321 505048 851 194.05 194.06 47T065 2205.6 0.82 100 0.01 4 10 110 5 0.7 
TMPD47 715321 505050 848 197.00 197.01 47T066 2197.7 1.26 7400 0.22 3 15 55 10 1.3 
TMPD47 715321 505051 845 200.00 200.01 47T067 2195.1 1.32 12200 0.53 3 40 50 90 2.4 
TMPD47 715321 505053 843 203.15 203.16 47T068 2193.9 1.47 13700 0.77 8 25 75 20 2.3 
TMPD47 715321 505054 839 206.80 206.81 47T069 2193.0 1.24 7200 0.10 21 130 120 45 1.1 
TMPD47 715321 505055 838 207.90 207.91 47T070 2195.7 0.67 8300 0.12 36 15 55 50 1.1 
TMPD47 715321 505056 835 211 .40 211 .41 47T071 2194.0 1.80 7800 0.14 5 5 15 180 2 
TMPD47 715321 505059 829 218.25 218.26 47T073 2194.3 1.17 7100 0.17 3 15 20 120 1.8 
TMPD47 715321 505061 826 221 .25 221 .26 47T074 2191.4 1.43 9400 0.50 2 10 15 130 0.8 
TMPD47 715321 505062 823 225.00 225.01 47T075 2193.8 1.27 8700 0.30 2 10 15 180 1.6 
TMPD47 715320 505063 821 227.25 227.26 47T076 2193.8 0.99 9500 0.15 2 5 10 90 1 
TMPD47 715320 505065 819 229.80 229.81 47T077 2197.4 0.70 2000 0.03 2 10 140 10 0.6 
TMPD47 715320 505065 817 231 .70 231.71 47T078 2199.6 0.80 220 0.01 3 40 210 2 0.8 
TMPD47 715320 505073 802 249.20 249.21 47T084 2197.4 1.48 8800 0.18 6 40 55 50 2.8 
TMPD47 715320 505076 796 255.00 255.01 47T086 2193.9 1.08 14200 0.47 2 15 35 70 1.5 
TMPD47 715319 505079 789 263.00 263.01 47T089 2197.1 1.00 6400 0.34 2 15 15 20 1.2 
TMPD47 715319 505081 786 266.60 266.61 47T090 2193.1 2.06 7400 0.40 2 15 10 40 2 
TMPD47 715319 505082 783 269.40 269.41 47T091 2202.6 0.90 5500 0.13 2 15 10 30 0.2 
TMPD47 715319 505085 777 276.20 276.21 47T093 2196.1 3.47 5900 0.16 2 10 20 15 1 
TMPD47 715319 505088 772 282.00 282.01 47T095 2196.0 1.10 6000 0.33 2 10 15 30 1.1 
TMPD47 715319 505089 770 284.65 284.66 47T096 2194.4 1.18 6200 0.33 2 5 20 40 1.2 
TMPD47 715318 505090 768 287.10 287.11 47T097 2202.3 0.69 5900 0.37 2 5 30 35 0.9 
TMPD47 715318 505092 765 290.25 290.26 47T098 2195.1 1.27 7800 0.46 2 5 20 5 2 
TMPD47 715318 505101 747 310.50 310.51 47T105 2195.8 1.22 6200 0.34 1 10 10 10 1 
TMPD47 715317 505105 738 320.50 320.51 47T109 2191.4 0.91 3900 0.11 1 5 35 60 1 
TMPD47 715317 505109 730 329.20 329.21 47T112 2192.1 0.72 6900 0.27 2 5 25 25 1.8 
TMPD47 715317 505110 727 332.30 332.31 47T113 2190.7 0.65 10000 0.47 1 5 20 50 3 
TMPD47 715317 5051 12 725 335.00 335.01 47T114 2191 .8 0.81 4400 0.24 1 5 10 30 1 
TMPD47 715316 505114 719 341 .00 341 .01 47T116 2207.0 0.36 1700 0.08 1 5 50 20 0.8 
TMPD47 715316 505115 718 342.60 342.61 47T117 2193.1 0.61 1700 0.08 1 5 50 20 0.8 
TMPD47 715316 505116 716 345.10 345.11 47T118 2200.7 0.68 90 0.02 2 5 60 2 1 
TMPD47 715316 505117 713 348.00 348.01 47T119 2204.9 1.28 75 0.01 3 5 55 2 0.5 
TMPD47 715316 505119 709 352.60 352.61 47T120 2203.5 0.37 70 0.05 2 5 70 2 0.3 
TMPD47 . . . 354.20 354.21 47T121 2207.1 0.47 
TMPD50 715926 506285 1346 16.30 16.31 50T003 2199.8 0.95 280 0.05 4 50 70 5 0.8 
TMPD50 715926 506279 1335 28.30 28.31 50T007 2201 .9 0.53 570 0.08 3 35 150 2 0.5 
TMPD50 715926 506277 1332 32.00 32.01 50T008 2191 .5 0.80 400 0.10 7 55 40 15 0.2 
TMPD50 715926 506275 1329 35.55 35.56 50T009 2200.9 0.67 400 0.10 7 55 40 15 0.2 
TMPD50 715926 506266 1313 54.20 54.21 50T015 2204.2 0.55 290 0.02 6 70 140 15 0.7 
TMPD50 715926 506265 1311 56.45 56.46 50T016 2199.5 0.57 110 0.04 9 60 120 2 0.8 
TMPD50 715926 506262 1306 62.30 62.31 50T018 2193.7 0.84 7000 0.10 2 30 50 10 0.7 
TMPD50 715926 506259 1301 68.45 68.46 50T020 2198.4 0.68 120 0.02 3 35 95 2 0.5 
TMPD50 715926 506257 1298 71 .20 71.21 50T021 2207.5 0.43 150 0.05 4 35 120 2 0.7 
TMPD50 715926 506254 1293 77.70 77.71 50T023 2204.2 0.65 230 0.08 4 40 120 5 0.8 
TMPD50 715926 506248 1280 91.40 91 .41 50T027 2185.8 0.85 3900 0.01 5 25 40 100 0.3 
TMPD50 715926 506242 1269 103.80 103.81 50T031 2191 .0 0.83 2400 0.02 3 45 65 75 0.8 
TMPD50 715926 506239 1264 109.80 109.81 50T033 2190.8 0.90 2100 0.27 4 55 45 70 0.3 
TMPD50 715926 506231 1249 127.00 127.01 50T039 2191 .5 1.26 4900 0.10 3 20 50 60 0.2 
TMPD50 715926 506227 1241 135.60 135.61 50T042 2190.3 1.18 3200 0.30 4 40 50 250 1 
TMPD50 715926 506226 1238 139.00 139.01 50T043 2192.7 1.18 110 0.03 3 25 25 75 0.2 
TMPD50 715926 506224 1235 142.25 142.26 50T044 2192.1 1.57 8400 0.42 1 30 40 75 0.5 
TMPD50 715926 506220 1227 151 .70 151 .71 50T048 2192.0 1.31 2400 0.05 2 30 55 55 0.2 
TMPD50 715926 506218 1224 155.60 155.61 50T049 2192.2 1.33 420 0.03 2 30 20 100 0.3 
TMPD50 715926 506213 121 3 167.40 167.41 50T053 2195.1 1.27 
TMPD50 715926 506211 1210 171.00 171 .01 50T054 2197.3 1.63 10400 0.24 1 65 65 100 1.8 
Appendix E2 F2-18 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File OCl-OH·A SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD50 715926 506208 1204 177.20 177.21 50T056 2194.3 1.91 8800 0.28 2 65 15 120 1.2 
TMPD50 715926 506207 1201 180.45 180.46 50T057 2191 .9 1.10 3900 0.14 1 30 30 35 1 
TMPD50 715926 506181 1149 238.70 238.71 50T076 2195.4 0.79 260 0.04 1 95 150 5 1 
TMPD50 715926 506179 1147 241.80 241 .81 50T077 2207.7 0.90 1700 0.09 1 45 80 15 0.8 
TMPD50 715926 506177 1141 247.70 247.71 50T079 2208.9 0.55 1200 0.07 10 100 65 5 0.8 
TMPD50 715926 506175 1138 251.20 251.21 50T080 2208.4 0.99 410 0.06 2 140 130 2 0.7 
TMPD50 715926 506174 1136 253.85 253.86 50T081 2208.2 0.38 200 0.05 2 280 130 2 0.5 
TMPD50 715926 506173 1134 256.00 256.01 50T082 2208.2 0.49 400 0.07 2 35 75 5 0.3 
TMPD50 715926 506172 1131 259.35 259.36 50T083 2191.9 0.82 3400 0.14 1 200 25 20 0.5 
TMPD50 715926 506170 1127 263.00 263.01 50T084 2190.2 0.85 2400 0.08 1 90 40 10 0.5 
TMPD50 715926 506169 1124 266.70 266.71 50T085 2190.8 0.82 2400 0.08 1 35 85 15 0.8 
TMPD50 715926 506168 1122 268.90 268.91 50T086 2192.4 0.95 3100 0.09 2 35 25 25 1 
TMPD56 715333 505418 1124 37.70 37.71 56T028 2203.7 0.26 750 0.01 15 17 118 18 0.1 
TMPD56 715333 505418 1123 38.40 38.41 56T027 2201.7 0.66 400 0.01 18 9 68 11 0.1 
TMPD56 715333 505418 1123 39.45 39.46 56T026 2202.2 0.31 400 0.01 18 9 68 11 0.1 
TMPD56 715333 505414 1114 48.15 48.16 56T022 2190.7 0.60 110 0.01 38 12 97 10 0.1 
TMPD56 715333 505414 1113 49.60 49.61 56T018 2185.8 0.45 110 0.01 38 12 97 10 0.1 
TMPD56 715334 505412 1107 55.75 55.76 56T020 2183.1 0.18 110 0.01 8 10 97 2 0.1 
TMPD56 715334 505408 1098 65.55 65.56 56T014 2189.2 0.36 380 0.03 10 26 103 8 0.1 
TMPD56 715334 505408 1097 67.05 67.06 56T013 2191.2 0.35 450 0.01 10 27 98 9 0.1 
TMPD56 715335 505407 1094 69.70 69.71 56T012 2191.5 0.42 1340 0.01 9 23 89 11 0.1 
TMPD56 715335 505405 1091 73.05 73.06 56T011 2192.3 1.69 580 0.01 14 19 31 29 0.1 
TMPD56 715335 505404 1087 77.30 77.31 56T010 2186.7 0.56 700 0.01 6 12 87 10 0.1 
TMPD56 715335 505403 1087 78.20 78.21 56T009 2188.6 0.64 530 0.02 5 22 109 8 0.1 
TMPD56 715335 505403 1085 79.85 79.86 56T008 2191 .5 0.44 530 0.02 5 22 109 8 0.1 
TMPD56 715335 505402 1083 81 .70 81.71 56T007 2186.2 0.65 730 0.01 8 13 88 2 0.1 
TMPD56 715336 505401 1080 84.85 84.86 56T006 2185.3 0.41 490 0.01 4 12 104 8 0.1 
TMPD56 715336 505400 1078 87.15 87.16 56T005 2192.7 0.65 1190 0.01 8 15 99 11 0.1 
TMPD56 715336 505399 1075 91.10 91.11 56T004 2187.1 0.51 250 0.02 6 22 121 8 0.1 
TMPD56 715336 505398 1073 92.70 92.71 56T003 2186.1 0.47 420 0.01 7 13 114 2 0.1 
TMPD56 715337 505396 1067 99.60 99.61 56T002 2192.1 0.90 310 0.01 7 16 82 2 0.1 
TMPD56 715337 505394 1063 103.80 103.81 56T034 2189.5 0.53 320 0.01 7 100 140 10 0.1 
TMPD56 715339 505382 1032 137.20 137.21 56T045 2191 .2 0.74 670 O.Q1 3 100 100 15 0.1 
TMPD56 715339 505382 1031 137.80 137.81 56T046 2190.0 0.54 670 0.01 3 100 100 15 0.1 
TMPD56 715345 505351 948 227.25 227.26 56T086 2197.9 0.55 1200 0.06 4 90 130 25 0.1 
TMPD56 715346 505344 931 244.55 244.56 56T093 2191 .7 0.47 9500 0.48 3 20 270 280 0.1 
TMPD56 715347 505343 927 249.20 249.21 56T094 2192.0 0.38 4200 0.16 5 15 270 75 0.1 
TMPD56 715347 505338 915 262.60 262.61 56T097 2191 .0 1.15 8800 0.43 43 10 20 20 1 
TMPD56 . . . 262.60 262.61 56T098 2193.1 1.27 8800 0.43 43 10 20 20 1 
TMPD56 715348 505334 904 274.00 274.01 56T101 2196.3 1.24 7100 0.10 102 50 25 15 0.8 
TMPD56 715348 505333 901 277.60 277.61 56T102 2194.3 0.80 3500 0.13 6 40 45 20 0.8 
TMPD56 715348 505332 898 280.80 280.81 56T103 2197.9 0.91 6600 0.35 8 460 290 30 3.2 
TMPD56 715349 505331 895 283.40 283.41 56T104 2201 .8 1.26 5300 0.01 6 110 270 20 1.5 
TMPD56 715349 505329 892 287.00 287.01 56T105 2195.1 1.54 1500 0.01 6 190 120 15 1.6 
TMPD56 715349 505329 889 289.60 289.61 56T106 2206.5 0.61 2400 0.05 3 65 220 10 0.7 
TMPD56 715350 505324 879 301 .00 301.01 56T110 2206.5 0.65 5400 0.17 7 20 120 25 1.2 
TMPD56 715350 505323 875 304.50 304.51 56T111 2203.1 1.39 2800 0.42 25 340 400 35 5.6 
TMPD56 715350 505322 873 307.50 307.51 56T112 2204.9 2.77 2300 0.04 6 140 480 25 1.4 
TMPD56 715350 505319 864 316.25 316.26 56T115 2200.6 1.36 8500 0.02 7 25 150 90 1.3 
TMPD56 715351 505318 861 320.00 320.01 56T116 2197.6 2.90 2200 0.04 1 15 70 20 0.1 
TMPD56 715351 505317 858 323.30 323.31 56T117 2205.6 0.63 2200 0.02 1 10 60 28 0.1 
TMPD56 715351 505315 854 327.60 327.61 56T118 2206.8 0.44 260 0.03 57 35 130 2 0.1 
TMPD56 715351 505313 849 332.50 332.51 56T119 2204.1 0.43 3000 0.03 2 25 120 40 0.1 
TMPD56 715351 505312 847 335.00 335.01 56T120 2205.6 0.39 1200 0.08 1 15 90 10 0.1 
TMPD56 715352 505311 842 340.50 340.51 56T121 2204.1 0.75 4300 0.01 2 15 110 20 0.6 
TMPD56 715352 505308 836 347.10 347.11 56T123 2203.9 0.65 3000 0.02 3 35 120 30 0.6 
TMPD56 715352 505307 833 350.10 350.1 1 56T124 2202.6 0.59 4400 0.35 1 10 75 85 0.1 
TMPD56 715352 505306 830 353.00 353.01 56T125 2204.2 0.43 5800 0.13 1 5 85 120 0.7 
TMPD56 715353 505305 827 356.20 356.21 56T126 2202.8 0.29 5300 0.20 1 10 110 35 0.1 
TMPD56 715353 505302 819 364.70 364.71 56T128 2203.7 0.84 1700 0.01 9 110 330 70 0.6 
TMPD56 715353 505301 816 367.70 367.71 56T129 2205.9 0.59 460 0.01 3 10 150 15 0.1 
TMPD56 715353 505300 814 370.85 370.86 56T130 2206.3 0.74 2700 0.02 2 35 230 60 0.8 
TMPD56 715354 505299 811 373.20 373.21 56T132 2206.7 0.48 1700 0.02 2 50 160 20 0.7 
TMPD56 715354 505298 808 376.50 376.51 56T131 2203.5 1.32 420 0.02 5 15 85 10 0.1 
TMPD56 715354 505295 801 384.10 384.11 56T133 2206.7 0.78 280 0.01 18 190 880 15 0.6 
TMPD56 715354 505294 799 386.00 386.01 56T134 2207.0 0.82 1700 0.09 31 210 480 15 1.2 
TMPD56 715355 505293 795 390.60 390.61 56T135 2206.2 0.65 8400 0.06 5 60 160 25 2 
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Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File u1.;T-u11-A. sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD56 715355 505291 791 395.20 395.21 56T136 2205.7 1.15 8200 0.08 2 40 150 75 1.1 
TMPD56 715355 505289 786 400.80 400.81 56T137 2206.6 0.87 7000 0.01 1 10 45 15 0.1 
TMPD56 715355 505288 782 404.20 404.21 56T138 2206.5 0.62 5600 0.15 1 15 65 10 1.2 
TMPD56 715355 505287 781 406.10 406.11 56T139 2208.5 0.50 10900 0.05 7 110 400 20 3.6 
TMPD56 . . . 411 .21 411 .21 56T140 2206.0 0.60 7500 0.30 2 10 40 15 1.2 
TMPD56 715356 505284 772 415.70 415.71 56T141 2205.3 0.68 7200 0.04 4 30 120 20 1.4 
TMPD56 715356 505282 769 418.80 418.81 56T142 2201 .5 1.23 8300 0.12 3 40 220 35 1.7 
TMPD56 715356 505281 765 422.50 422.51 56T143 2200.6 1.17 7300 0.01 1 25 130 85 0.7 
TMPD56 715357 505280 762 426.19 426.20 56T144 2200.6 0.86 5200 0.02 3 30 120 45 1.3 
TMPD57 . . . 50.01 50.01 57T003 2198.1 0.08 95 0.01 4 40 80 2 1.1 0 
TMPD57 717236 505900 1243 54.00 54.01 57T004 2185.1 0.20 300 0.01 3 55 210 5 1.5 0.05 
TMPD57 717236 505903 1238 59.97 59.98 57T100 2196.9 0.36 150 0.01 2 110 180 2 1.2 0 
TMPD57 717236 505905 1236 62.64 62.65 57T083 2182.6 0.23 150 0.01 2 110 180 2 1.2 0 
TMPD57 717236 505909 1229 70.80 70.81 57T087 2202.7 0.36 270 0.01 1 40 200 2 1.2 0 
TMPD57 717236 505910 1227 73.00 73.01 57T005 2196.8 0.30 720 0.01 3 100 220 10 1.7 0 
TMPD57 717236 505915 1217 84.00 84.01 57T006 2193.3 2.01 2900 0.08 12 30 20 85 0.9 0 
TMPD57 717236 505917 1215 87.06 87.07 57T095 2199.0 1.74 890 0.21 2 15 15 5 1 0 
TMPD57 717236 505917 1214 87.64 87.65 57T096 2187.9 0.98 890 0.21 2 15 15 5 1 0 
TMPD57 717236 505923 1204 99.00 99.01 57T007 2195.8 1.27 3700 0.11 4 10 25 10 1.2 0 
TMPD57 717236 505924 1203 101 .05 101 .06 57T101 2199.2 1.80 3700 0.29 3 15 30 15 0.7 0 
TMPD57 717236 505925 1202 102.10 102.11 57T103 2189.2 1.12 1300 0.05 16 40 210 20 1.1 0 
TMPD57 717236 505925 1202 102.30 102.31 57T104 2200.2 1.36 1300 0.05 16 40 210 20 1.1 0 
TMPD57 717236 505925 1201 102.90 102.91 57T105 2193.1 1.21 640 0.03 4 35 110 2 1.7 0 
TMPD57 717236 505926 1199 105.00 105.01 57T008 2193.1 0.78 640 0.03 4 35 110 2 1.7 0 
TMPD57 717236 505927 1197 107.80 107.81 57T106 2195.2 1.75 2100 0.12 5 35 85 2 1.5 0 
TMPD57 717236 505928 1195 109.30 109.31 57T092 2194.4 0.85 560 0.04 21 110 20 15 0.5 0 
TMPD57 717236 505928 1195 109.60 109.61 57T107 2193.1 1.47 560 0.04 21 110 20 15 0.5 0 
TMPD57 717236 505929 1194 110.68 110.69 57T094 2195.0 0.94 1600 0.12 5 180 30 10 1.7 0 
TMPD57 717236 505929 1194 111.30 111 .31 57T108 2196.1 1.86 3400 0.24 4 190 40 30 1.7 0 
TMPD57 717236 505930 1193 11 2.60 112.61 57T093 2198.0 0.63 4600 0.58 4 20 90 2 1.9 0 
TMPD57 717236 505932 1189 117.00 117.01 57T009 2194.3 1.80 5700 0.20 2 20 30 10 2 0 
TMPD57 717236 505935 1184 122.80 122.81 57T110 2195.0 1.56 2400 0.24 6 30 25 10 0.9 0 
TMPD57 717236 505936 1181 125.70 125.71 57T097 2196.2 0.74 2900 0.23 2 15 95 2 1.5 0 
TMPD57 717236 505937 1180 127.30 127.31 57T112 2195.1 0.98 3700 0.18 2 15 70 2 3.5 0 
TM PD57 717236 505938 1178 129.06 129.07 57T098 2194.0 0.39 7800 0.15 2 50 25 5 1 0 
TMPD57 717236 505939 1177 130.35 130.36 57T113 2195.9 1.22 5400 0.24 2 25 30 15 1 0 
TMPD57 717236 505939 1177 130.55 130.56 57T099 2196.4 0.80 5400 0.24 2 25 30 15 1 0 
TMPD57 717236 505942 1172 136.40 136.41 57T114 2196.0 2.34 5600 0.19 5 35 40 2 2 0 
TMPD57 717236 505942 1171 138.00 138.01 57T011 2196.0 1.42 4400 0.28 2 25 40 2 1.2 0 
TMPD57 717236 505944 1168 140.55 140.56 57T115 2195.6 2.94 5400 0.34 2 25 30 2 1 0 
TMPD57 717236 505945 1167 142.65 142.66 57T116 2197.2 1.34 4200 0.30 2 40 35 2 1.2 0 
TMPD57 717236 505946 1165 145.00 145.01 57T012 2196.2 1.21 5600 0.12 2 20 30 2 1 0 
TMPD57 717236 505947 1163 146.90 146.91 57T117 2205.5 0.80 8200 0.52 2 35 100 2 4 0 
TMPD57 717236 505948 1161 149.40 149.41 57T118 2191 .5 1.28 5100 0.57 1 20 55 5 1.1 0 
TMPD57 717236 505949 1158 152.00 152.01 57T013 2194.1 1.70 3700 0.11 3 35 30 2 1.2 0.05 
TMPD57 717236 505951 1156 154.30 154.31 57T119 2195.2 1.31 4000 0.24 12 45 40 20 2.2 0 
TMPD57 717236 505952 1154 157.00 157.01 57T014 2193.7 2.48 2000 0.12 2 15 30 10 1.3 0.05 
TMPD57 717236 505953 1152 158.90 158.91 57T120 2192.5 0.98 4800 0.20 3 35 35 10 1.5 0.05 
TMPD57 717236 505953 1152 159.40 159.41 57T121 2194.2 1.28 3800 0.20 2 20 65 5 1.9 0 
TMPD57 717236 505955 1148 163.60 163.61 57T122 2192.8 2.17 8600 0.52 10 30 35 15 3.5 0 
TMPD57 717236 505956 1146 165.90 165.91 57T123 2198.5 1.11 9400 0.54 2 30 45 2 2.9 0 
TMPD57 717236 505957 1145 167.50 167.51 57T124 2198.9 2.25 12600 0.62 83 25 65 2 4.8 0.05 
TMPD57 717236 505959 1143 170.30 170.31 57T125 2200.6 0.42 7800 0.78 9 20 60 25 4.6 0.05 
TMPD57 717236 505960 1141 172.40 172.41 57T126 2192.8 2.22 16300 0.84 2 20 25 2 3.7 0.05 
TMPD57 717236 505961 1138 175.40 175.41 57T127 2190.2 3500 0.21 4 10 40 5 1.2 0 
TMPD57 717236 505962 1136 178.00 178.01 57T015 2195.0 2.55 2000 0.15 1 35 35 2 1 0 
TMPD57 717236 505964 1133 181 .00 181 .01 57T016 2194.3 2.29 2700 0.1 1 3 25 30 5 0.9 0 
TMPD57 717236 505965 1131 183.80 183.81 57T128 2195.8 1.53 3200 0.06 12 20 70 15 1.9 0 
TMPD57 717236 505966 1130 184.50 184.51 57T129 2190.0 1.21 1800 0.04 12 15 20 2 1 0 
TMPD57 717236 505966 1129 186.00 186.01 57T017 2191 .5 1.33 5300 0.28 1 15 90 2 2 0 
TMPD57 717236 505968 1127 188.60 188.61 57T130 2195.1 1.16 6100 0.47 1 15 65 2 3 0 
TMPD57 717236 505969 1125 190.80 190.81 57T131 2193.9 1.69 7200 0.66 2 20 55 2 2.5 0 
TMPD57 717236 505970 1123 193.00 193.01 57T133 2195.3 0.90 5300 0.21 6 25 60 5 2 0 
TMPD57 717236 505971 1121 195.00 195.01 57T018 2196.1 1.44 3400 0.26 6 35 65 2 1.6 0.05 
TMPD57 717236 505972 1119 197.55 197.56 57T132 2187.7 0.71 5200 0.30 2 20 55 2 1.6 0 
TMPD57 717236 505973 11 18 199.00 199.01 57T019 2194.2 1.96 3800 0.36 1 15 25 2 1 0 
TMPD57 717236 505974 1116 201 .10 201 .11 57T134 2190.1 1.62 10000 0.91 4 5 50 2 1.9 0 
Appendix E2 F2-20 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-Fiie u1.;T-utH. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD57 717236 505977 1111 206.70 206.71 57T135 2204.9 1.33 3000 0.47 1 20 100 2 1.1 0 
TMPD57 717236 505978 1109 209.00 209.01 57T021 2193.3 1.91 15400 2.24 4 15 45 2 4.9 0 
TMPD57 717236 505980 1106 212.55 212.56 57T136 2193.4 0.76 15200 2.26 4 10 50 2 4.4 0.05 
TMPD57 717236 505981 1104 215.20 215.21 57T137 2202.9 0.25 7100 1.01 1 15 65 2 2.5 0 
TMPD57 717236 505983 1101 218.50 218.51 57T138 2200.3 0.81 11800 0.77 2 15 30 2 1.9 0 
TMPD57 717236 505984 1099 221.00 221.01 57T022 2192.2 3.15 15600 0.83 6 15 25 5 4.2 0 
TMPD57 717236 505986 1096 224.55 224.56 57T139 2198.1 2.59 10000 0.96 2 10 35 2 2 0 
TMPD57 717236 505987 1094 226.85 226.86 57T140 2197.8 1.45 8100 0.69 2 10 85 2 3.5 0 
TMPD57 717236 505989 1091 230.40 230.41 57T141 2202.7 0.90 9300 0.47 3 10 65 2 2.5 0 
TMPD57 717236 505989 1089 232.00 232.01 57T023 2198.7 1.63 7700 0.63 4 5 70 2 1.2 0 
TMPD57 717236 505991 1087 234.50 234.51 57T142 2204.0 0.30 7100 0.60 2 15 80 2 1.3 0 
TMPD57 717236 505993 1083 239.20 239.21 57T143 2206.3 0.22 4300 0.15 6 20 240 2 1.2 0 
TMPD57 717236 505994 1081 241.00 241 .01 57T025 2208.3 1.15 3700 0.13 3 20 200 2 1.1 0 
TMPD57 717236 505996 1079 244.10 244.11 57T144 2210.0 0.30 6900 0.21 4 10 160 2 4.9 0 
TMPD57 717236 505997 1076 247.00 247.01 57T026 2205.0 1.60 3500 0.11 4 45 100 10 4.8 0 
TMPD57 717236 505999 1073 250.50 250.51 57T145 2208.5 2.02 3100 0.39 8 20 290 2 3 0 
TMPD57 717236 506000 1071 253.00 253.01 57T027 2208.3 1.21 3400 0.07 18 380 1300 5 6.9 0 
TMPD57 717236 506004 1065 260.35 260.36 57T147 2209.6 0.26 1200 0.01 2 15 160 2 1.5 0 
TMPD57 717236 506005 1061 264.00 264.01 57T028 2205.2 1.53 1600 0.02 3 15 140 5 1.6 0 
TMPD57 717236 506008 1058 268.20 268.21 57T148 2210.2 3000 0.03 4 15 180 5 1.8 0 
TMPD57 717236 506009 1055 271 .20 271 .21 57T149 2205.6 0.70 1900 0.04 6 20 230 5 2.2 0 
TMPD57 - - - 275.00 275.00 57T029 2200.3 3.03 1800 0.06 2 15 150 5 1.4 0 
TMPD57 717236 506013 1048 279.10 279.11 57T150 2205.0 0.63 1000 0.07 4 35 210 10 2 0 
TMPD57 717236 506014 1048 280.10 280.11 57T151 2203.4 0.45 1600 0.32 2 15 160 20 1.9 0 
TMPD57 717236 506019 1038 291.00 291 .01 57T031 2209.5 0.77 720 0.03 2 25 150 2 1.4 0 
TMPD57 717236 506020 1036 293.05 293.06 57T153 2202.4 2.04 720 0.03 2 25 150 2 1.4 0 
TMPD57 717236 506021 1034 296.00 296.01 57T032 2205.9 0.89 1100 0.05 4 20 160 15 2.4 0 
TMPD57 717236 506024 1030 300.85 300.86 57T154 2206.2 1.12 1100 0.05 4 20 160 15 2.4 0 
TMPD57 717236 506025 1028 303.00 303.01 57T033 2195.4 4.67 1000 0.03 3 30 120 10 1.6 0 
TMPD57 717236 506026 1025 306.00 306.01 57T034 2197.3 1.34 1000 0.03 3 30 120 10 1.6 0 
TMPD57 717236 506028 1022 309.60 309.61 57T155 2202.3 0.95 640 0.03 2 30 110 5 1.7 0 
TMPD57 717236 506029 1021 311 .00 311 .01 57T035 2199.0 0.81 640 0.03 2 30 110 5 1.7 0 
TMPD57 717236 506031 1018 314.70 314.71 57T156 2202.3 1.11 690 0.03 3 10 130 2 1.8 0 
TMPD57 717236 506032 1016 317.00 317.01 57T036 2200.0 1.92 690 0.03 3 10 130 2 1.8 0 
TMPD57 717236 506034 1012 321 .00 321 .01 57T037 2202.4 0.38 620 0.01 2 15 140 2 1.6 0 
TMPD57 717236 506036 1009 324.20 324.21 57T157 2207.9 0.92 550 0.04 4 50 210 5 2.2 0 
TMPD57 717236 506037 1007 326.50 326.51 57T038 2203.8 0.92 550 0.04 4 50 210 5 2.2 0 
TMPD57 717236 506038 1005 329.60 329.61 57T158 2204.9 0.57 1400 0.04 4 25 130 10 1.9 0 
TMPD57 717236 506040 1002 333.00 333.01 57T039 2204.3 1.30 1400 0.04 4 25 130 10 1.9 0 
TMPD57 717236 506041 999 335.70 335.71 57T159 2196.1 1.06 500 0.02 1 25 60 2 1.2 0 
TMPD57 717236 506043 996 339.40 339.41 57T160 2207.1 1.07 580 0.02 7 40 160 10 0.9 0.05 
TMPD57 717236 506049 986 351 .00 351 .01 57T042 2206.7 0.98 320 0.02 4 55 200 2 1.4 0 
TMPD57 717236 506051 983 354.65 354.66 57T162 2209.5 1.09 520 0.03 4 250 380 10 2 0 
TMPD57 717236 506052 981 357.00 357.01 57T043 2207.5 0.78 250 0.01 3 45 160 2 1.8 0 
TMPD57 717236 506053 978 360.00 360.01 57T044 2203.8 0.58 250 0.01 3 45 160 2 1.8 0 
TMPD57 717236 506055 976 363.00 363.01 57T045 2207.8 1.25 340 0.04 3 15 90 2 1.2 0 
TMPD57 717236 506059 968 372.00 372.01 57T047 2204.3 1.91 2200 0.03 2 15 85 5 1.6 0 
TMPD57 717236 506062 964 376.50 376.51 57T164 2204.8 0.52 80 0.01 1 70 140 2 1 0.05 
TMPD57 717236 506064 959 382.00 382.01 57T050 2202.9 0.19 420 0.01 2 35 120 2 1 0 
TMPD57 717236 506070 950 393.00 393.01 57T052 2208.6 0.63 990 0.03 4 50 210 2 1.4 0.05 
TMPD57 717236 506072 946 397.70 397.71 57T166 2208.1 1.50 990 0.03 4 50 210 2 1.4 0.05 
TMPD57 717236 506073 944 400.00 400.01 57T053 2204.7 1.72 920 0.02 3 340 700 15 2.3 0.1 
TMPD57 717236 506075 940 404.00 404.01 57T054 2206.4 1.37 1000 0.02 3 10 120 2 1.6 0.1 
TMPD57 717236 506078 936 408.35 408.36 57T167 2209.1 1.02 2000 0.06 4 15 130 5 1.8 0.05 
TMPD57 717236 506079 934 411 .00 411.01 57T055 2202.8 3.27 680 0.05 4 20 65 5 1.4 0.05 
TMPD57 717236 506082 929 417.00 417.01 57T056 2208.6 0.61 530 0.04 4 55 110 2 2.1 0.05 
TMPD57 717236 506085 924 422.90 422.91 57T169 2206.1 0.42 810 0.01 4 25 120 2 2 0.05 
TMPD57 717236 506087 921 426.40 426.41 57T058 2207.5 0.32 430 0.01 2 30 75 5 1.2 0.05 
TMPD57 717236 506091 913 435.00 435.01 57T060 2199.0 0.35 520 0.03 4 25 100 5 1.4 0.05 
TMPD57 717236 506094 907 442.00 442.01 57T062 2206.5 0.43 870 0.04 4 25 70 5 1.2 0.05 
TMPD57 717236 506096 905 445.20 445.21 57T170 2208.1 1.53 350 0.03 3 65 240 2 1.1 0.05 
TMPD57 717236 506097 902 448.00 448.01 57T063 2207.0 1.70 350 0.03 3 65 240 2 1.1 0.05 
TMPD57 717236 506101 897 454.40 454.~1 57T171 2208.2 1.31 610 0.01 3 55 110 2 1.3 0.05 
TMPD57 717236 506102 894 457.00 457.01 57T065 2210.2 1.07 610 0.01 3 55 110 2 1.3 0.05 
TMPD57 717236 506108 883 470.00 470.01 57T068 2207.8 0.93 960 0.02 4 240 560 5 1.6 0.05 
TMPD57 717236 506110 880 473.00 473.01 57T069 2207.7 1.50 890 0.03 3 130 240 5 1.7 0.05 
TMPD57 717236 50611 3 875 479.25 479.26 57T173 2207.3 1.41 410 0.02 1 360 370 5 1.1 0.05 
Appendix E2 F2-21 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File U\,l•UM•J. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD57 717236 506114 873 482.00 482.01 57T071 2207.3 0.45 1500 0.02 4 70 210 5 1.5 0.05 
TMPD57 717236 506116 870 485.00 485.01 57T174 2202.8 0.29 510 0.03 4 25 100 2 1.4 0.05 
TMPD57 717236 506117 867 488.00 488.01 57T072 2205.2 0.42 510 0.03 4 25 100 2 1.4 0.05 
TMPD57 717236 506119 865 491 .00 491 .01 57T073 2205.1 0.52 570 0.02 2 30 95 2 0.9 0.1 
TMPD57 717236 506120 862 494.00 494.01 57T074 2207.0 1.30 570 0.02 2 30 95 2 0.9 0.1 
TMPD57 717236 506122 859 497.40 497.41 57T175 2206.2 0.91 1400 0.02 2 50 100 5 1.4 0.05 
TMPD57 717236 506123 857 499.95 499.96 57T075 2212.1 1.30 1400 0.02 2 50 100 5 1.4 0.05 
TMPD6 715628 505263 1107 9.80 9.81 6T001 2192.7 1.04 1400 0.08 80 65 340 20 1.8 
TMPD6 715628 505255 1094 25.25 25.26 6T006 2192.6 1.48 2300 0.60 340 35 20 10 1.6 
TMPD6 715628 505238 1065 58.50 58.51 6T016 2191.4 1.42 4800 0.10 9 95 95 5 1.1 
TM PD6 715628 505237 1063 61.30 61 .31 6T017 2190.2 1.47 3800 0.13 12 25 80 10 1.2 
TMPD6 715628 505230 1049 76.60 76.61 6T022 2191 .7 1.50 2500 0.17 4 35 60 25 1.4 
TMPD6 715628 505228 1047 79.30 79.31 6T023 2192.2 1.63 4600 0.12 49 40 65 30 2.3 
TMPD6 715628 505226 1044 83.00 83.01 6T024 2192.4 1.30 7800 0.40 280 55 60 10 2.1 
TMPD6 715629 505225 1041 86.30 86.31 6T025 2192.5 1.63 890 0.25 6 90 75 2 1.9 
TMPD6 715629 505223 1038 90.10 90.11 6T026 2209.1 1.13 95 0.02 4 50 220 2 2.8 
TMPD6 715629 505222 1035 93.10 93.11 6T027 2204.5 1.45 300 0.33 28 480 280 15 2.6 
TMPD6 715629 505220 1032 96.60 96.61 6T028 2193.8 1.34 1700 0.47 36 300 280 40 2.6 
TMPD6 715629 505217 1027 102.30 102.31 6T030 2199.6 1.23 580 0.08 4 40 180 50 1.8 
TMPD6 715629 505216 1024 105.30 105.31 6T031 2194.7 1.79 1200 0.26 4 55 180 15 2.5 
TMPD6 715629 505215 1021 108.60 108.61 6T032 2191.8 1.07 660 0.18 3 55 95 5 1.3 
TMPD6 715629 505213 1019 111 .00 111 .01 6T033 2205.4 1.01 1400 0.20 4 45 200 5 2.6 
TMPD6 715629 505212 1016 114.00 114.01 6T034 2204.1 0.77 660 0.08 2 50 270 2 0.8 
TMPD6 715629 505211 1014 117.00 117.01 6T035 2198.5 3.22 2600 0.15 6 70 220 35 2.2 
TMPD6 715629 505209 1010 121 .00 121 .01 6T036 2195.5 1.09 5100 0.30 28 55 160 100 2 
TMPD6 715629 505207 1007 124.10 124.11 6T037 2193.7 2.39 8700 0.23 85 100 170 200 3.6 
TMPD6 715629 505206 1004 127.50 127.51 6T038 2195.0 2.80 9300 0.30 61 70 100 2 2.1 
TMPD6 715629 505205 1002 130.50 130.51 6T039 2192.4 1.48 14900 0.47 24 60 100 10 3.4 
TMPD6 715629 505203 999 133.50 133.51 6T040 2194.5 1.62 11600 0.21 70 55 220 10 4 
TMPD6 715629 505197 987 147.00 147.01 6T044 2203.4 1.19 130 0.08 8 150 140 5 0.8 
TMPD6 715629 505196 984 150.00 150.01 6T045 2192.1 0.77 270 0.58 5 140 140 2 1 
TMPD6 715630 505193 979 156.00 156.01 6T047 2203.7 1.17 270 0.57 40 60 120 15 0.7 
TMPD6 715630 505192 976 159.00 159.01 6T048 2208.1 0.96 110 0.20 6 45 100 2 0.7 
TMPD6 715630 505190 973 162.30 162.31 6T049 2207.6 1.29 110 0.21 9 70 95 2 0.9 
TMPD6 715630 505189 970 165.40 165.41 6T050 2197.8 1.91 5000 0.17 9 50 65 60 1 
TMPD6 715630 505187 967 168.80 168.81 6T051 2192.7 0.88 8000 0.22 8 70 60 15 1.8 
TMPD6 715630 505186 965 171 .30 171 .31 6T052 2194.6 0.93 6000 0.27 15 90 120 40 1.4 
TMPD6 715630 505185 962 174.40 174.41 6T053 2194.7 1.96 12000 0.53 105 75 110 100 0.7 
TMPD6 715630 505183 957 180.00 180.01 6T055 2194.7 2.44 9800 0.23 9 65 45 15 0.8 
TMPD6 715630 505181 955 183.00 183.01 6T056 2192.4 0.94 3400 0.17 12 110 100 60 1.7 
TMPD6 715630 505180 952 186.50 186.51 6T057 2194.2 1.05 2800 0.13 6 75 55 220 1.2 
TMPD6 715630 505178 948 190.00 190.01 6T058 2189.5 1.01 5200 0.06 50 50 55 120 1.1 
TMPD6 715630 505175 943 196.25 196.26 6T060 2191 .0 2.49 15000 0.10 160 40 35 40 1.9 
TMPD6 715630 505173 937 202.70 202.71 6T062 2192.9 2.47 3200 0.06 17 45 45 30 0.4 
TMPD6 715630 505171 934 205.90 205.91 6T063 2193.9 5.36 1800 0.10 6 70 20 55 0.5 
TMPD6 715630 505170 932 208.30 208.31 6T064 2189.4 2.42 1600 0.02 55 40 25 45 0.7 
TMPD6 715630 505169 930 211 .00 211 .01 6T065 2192.9 1.90 1900 0.05 12 55 60 45 0.6 
TMPD6 715630 505167 926 214.50 214.51 6T066 2195.8 7.92 12500 0.70 13 160 210 10 3.1 
TMPD6 715631 505166 924 217.50 217.51 6T067 2194.6 5.27 16000 0.67 15 55 35 10 2.3 
TMPD6 715631 505165 921 221 .00 221 .01 6T068 2191.5 1.60 2100 0.08 140 95 100 95 1.8 
TMPD6 715631 505163 917 224.50 224.51 6T069 2197.1 4.45 10800 0.12 22 30 20 20 1.3 
TMPD6 715631 505161 914 228.30 228.31 6T070 2194.2 5.09 8400 0.17 20 70 60 30 1.2 
TMPD6 715631 505160 911 231.50 231 .51 6T071 2195.9 7.64 11200 0.12 60 50 55 20 1.1 
TMPD6 715631 505159 908 234.50 234.51 6T072 2194.3 3.37 12000 0.53 175 70 90 25 2.9 
TMPD6 715631 505157 905 237.80 237.81 6T073 2195.0 3.41 5100 0.60 48 60 50 30 2.6 
TMPD6 715631 505156 903 240.80 240.81 6T074 2192.1 1.33 11200 0.40 10 40 60 30 2.9 
TMPD6 715631 505154 900 244.10 244.11 6T075 2203.5 0.67 6000 0.04 11 65 75 15 2.8 
TMPD6 715631 505153 897 247.10 247.11 6T076 2195.3 3.33 9500 0.20 8 60 85 20 4.5 
TMPD6 715631 505152 894 250.10 250.11 6T077 2193.9 2.86 4600 0.14 8 140 180 15 2.5 
TMPD6 715631 505151 892 252.70 252.71 6T078 2192.8 2.15 4300 0.10 20 45 25 25 1.3 
TMPD6 715631 505147 884 261.90 261 .91 6T081 2192.9 2.87 8000 0.19 8 50 75 15 1.9 
TMPD6 715631 505145 881 265.20 265.21 6T082 2190.3 0.46 9200 0.30 15 40 40 20 1.3 
TMPD6 715631 505142 875 271 .80 271 .81 6T084 2196.6 4.36 8800 0.14 22 50 60 5 1.9 
TMPD6 715632 505140 869 278.30 278.31 6T086 2192.3 2.12 14600 1.10 35 55 40 15 3.6 
TMPD6 715632 505138 866 281 .30 281 .31 6T087 2193.5 4.31 6500 0.37 4 35 35 40 1.8 
TMPD6 715632 505125 839 311 .20 311 .21 6T097 2196.6 6.76 6700 0.30 4 35 45 20 2 0.1 
TMPD6 715632 505122 833 318.00 318.01 6T099 2192.8 1.40 6500 0.37 6 110 55 35 0.7 0 
TMPD6 715632 505117 822 330.30 330.31 6T103 2199.4 4.68 10700 1.07 4 40 15 5 2.1 0 
Appendix E2 F2-22 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File Uul • UM•A sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD6 715632 505116 819 333.90 333.91 6T104 2193.4 5.09 4200 0.30 8 30 45 45 1.2 0 
TMPD6 715632 505114 816 337.00 337.01 6T105 2191.3 1.06 1400 0.04 5 30 25 30 1 0 
TMPD6 715632 505111 809 344.70 344.71 6T107 2195.3 4 .09 4000 0.20 4 50 25 40 1 0 
TMPD6 715632 505109 806 348.00 348.01 6T108 2196.3 6.03 4700 0.05 5 25 40 65 1.4 0 
TMPD6 715632 505107 800 354.80 354.81 6T110 2197.4 5.72 3900 0.13 4 25 25 60 1.3 0 
TMPD6 715632 505105 797 358.00 358.01 6T111 2196.3 3.23 770 0.02 3 45 40 15 1.7 0.1 
TMPD6 715632 505103 792 364.00 364.01 6T113 2204.5 0.77 250 0.05 7 55 120 2 1.6 0.1 
TMPD6 715632 505101 788 367.50 367.51 6T114 2204.0 1.01 180 0.02 9 200 270 2 0.6 0.1 
TMPD6 715632 505100 786 370.55 370.56 6T115 2206.7 0.68 110 0.02 12 140 170 2 1.5 0 
TMPD6 715632 505098 783 374.00 374.01 6T116 2203.1 0.81 900 0.03 2 150 90 2 1.6 0.1 
TMPD6 715632 505097 779 377.50 377.51 6T117 2205.7 0.56 140 0.02 3 40 70 2 1.2 0 
TMPD6 715632 505096 777 380.60 380.61 6T118 2204.2 0.49 110 0.01 2 35 60 2 1 0.1 
TMPD6 715632 505092 768 390.00 390.01 6T121 2203.6 0.61 1600 0.03 1 30 15 35 1.3 0.1 
TMPD6 715632 505089 762 396.60 396.61 6T123 2201 .7 0 .44 120 0.01 2 35 50 2 1.3 0.1 
TMPD6 715632 505088 759 400.00 400.01 6T124 2187.6 0.39 200 0.01 2 35 70 2 1.6 0.1 
TMPD6 715632 505086 756 403.00 403.01 6T125 2200.7 0.41 110 0.01 4 30 85 2 1.4 0.1 
TMPD6 715632 505085 753 406.00 406.01 6T127 2204.6 0.81 410 0.04 6 40 75 10 1.2 0.1 
TMPD6 715631 505084 750 409.50 409.51 6T126 2206.3 0.76 1500 0.03 3 15 45 30 1.5 0.1 
TMPD6 715631 505083 747 412.70 412.71 6T128 2207.7 1.29 120 0.04 8 80 110 5 1.4 0.1 
TMPD6 . - . 420.15 420.16 6T131 2206.2 0.82 150 0.10 20 60 120 5 2.1 0.1 
TMPD62 715863 505203 1136 66.50 66.51 62T001 2192.9 1.32 478 0.72 683 13 14 39 2.4 
TMPD62 715870 505204 1127 78.20 78.21 62T002 2192.7 1.13 297 0.65 443 9 9 77 3.4 
TMPD62 715875 505205 1121 86.00 86.01 62T003 2203.8 1.13 820 1.31 1760 31 7 157 3.6 
TMPD62 715886 505206 1107 104.10 104.11 62T005 2193.1 1.67 7370 0.75 44 3 13 128 0.7 
TMPD62 715890 505207 1102 111 .00 111 .01 62T006 2192.6 1.54 19820 0.67 180 15 22 106 5.5 
TMPD62 715892 505208 1100 114.00 114.01 62T007 2191 .4 1.31 10390 1.58 57 12 15 19 1.2 
TMPD62 715897 505208 1093 122.00 122.01 62T008 2191 .7 1.54 22570 1.37 339 19 28 46 1.7 
TMPD62 715902 505209 1087 130.00 130.01 62T009 2205.6 1.08 1191 2.01 57 45 150 6 0.7 
TMPD62 715906 505210 1082 137.00 137.01 62T010 2194.4 1.61 28830 0.36 96 21 68 9 5.2 
TMPD62 715908 505210 1080 140.00 140.01 62T011 2194.9 0.69 13250 0.33 73 6 22 8 2 
TMPD62 715910 505211 1077 143.30 143.31 62T012 2193.3 1.48 14900 0.58 168 10 19 13 2.7 
TMPD62 715913 505211 1074 147.00 147.01 62T013 2193.4 1.61 15940 0.61 66 11 20 57 2 
TMPD62 715914 505211 1072 150.00 150.01 62T014 2188.9 1.47 14280 0.82 54 48 26 10 2.8 
TMPD62 715916 505212 1069 153.00 153.01 62T015 2192.3 1.16 13850 0.67 52 13 17 53 2.1 
TMPD62 715918 505212 1067 156.30 156.31 62T016 2185.2 1.72 16900 0.85 702 13 16 33 3.1 
TMPD62 715925 505213 1058 167.50 167.51 62T020 2188.3 1.85 10520 0.61 29 23 24 59 1.5 
TMPD62 715929 505214 1053 173.80 173.81 62T022 2189.9 1.06 12050 0.84 12 15 62 32 2.1 
TMPD62 715931 505214 1051 177.00 177.01 62T023 2189.9 1.19 15040 0.47 14 34 53 35 1.8 
TMPD62 715933 505215 1048 180.00 180.01 62T024 2194.6 1.42 9730 0.70 46 38 38 13 0.9 
TMPD62 715935 505215 1046 183.50 183.51 62T025 2195.1 1.20 12820 0.86 13 42 57 25 1 
TMPD62 715937 505216 1043 187.10 187.11 62T026 2190.4 1.80 7800 0.31 87 1046 176 31 1.6 
TMPD62 715939 505216 1040 190.20 190.21 62T027 2194.9 1.09 12440 0.82 123 46 29 6 1.9 
TMPD62 715941 505216 1038 193.20 193.21 62T028 2194.6 1.59 11050 0.58 32 31 71 56 2.2 
TMPD62 715946 505217 1032 200.60 200.61 62T030 2195.3 2.08 11640 0.42 18 45 40 20 1.7 
TMPD62 715950 505218 1027 207.60 207.61 62T032 2194.7 1.41 18500 1.42 42 63 24 40 3 
TMPD62 715955 505219 1021 215.00 215.01 62T034 2192.3 1.63 17180 0.85 686 2 33 34 3.4 
TMPD62 715957 505219 1019 218.30 218.31 62T035 2193.9 2.06 19040 0.80 77 3 18 27 2.8 
TMPD62 715963 505220 1012 227.40 227.41 62T038 2193.2 2.25 17960 0.60 62 2 12 20 3 
TMPD62 715965 505220 1009 231 .30 231 .31 62T039 2191 .7 1.57 9590 0.66 35 6 38 287 1.2 
TMPD62 715967 505221 1006 234.30 234.31 62T040 2193.1 1.65 12210 0.46 28 8 26 1410 3.6 
TMPD62 715969 505221 1004 238.00 238.01 62T041 2193.0 1.71 15790 0.45 12 10 23 143 2.4 
TMPD62 715971 505221 1001 241 .00 241 .01 62T042 2196.5 1.64 15900 0.51 12 10 26 82 2.6 
TMPD62 715973 505222 999 244.10 244.11 62T043 2195.2 5.23 15610 0.48 45 69 839 61 6.1 
TMPD62 715980 505223 991 254.60 254.61 62T046 2197.1 3.40 18960 0.38 11 2 10 147 3.2 
TMPD62 715984 505224 986 261 .30 261 .31 62T048 2197.5 3.63 16580 0.25 114 42 25 44 2.2 
TMPD62 715986 505224 983 264.50 264.51 62T049 2197.6 2.85 11310 0.17 54 38 55 17 2.4 
TMPD62 715988 505224 980 268.00 268.01 62T050 2197.6 4 .33 16700 0.42 84 9 10 48 2.8 
TMPD62 715990 505225 978 271 .60 271 .61 62T051 2197.6 4 .97 11720 0.45 9 2 13 18 2.5 
TMPD62 715993 505225 975 275.00 275.01 82T052 2196.1 3.23 10800 0.31 14 10 19 48 1.9 
TMPD62 715996 505226 970 281 .00 281.01 62T054 2195.3 1.53 10780 0.28 71 24 38 24 1.5 
TMPD62 716000 505226 966 287.00 287.01 62T056 2193.4 0.93 450 0.04 5 115 141 2 0.1 
TMPD62 716011 505228 952 305.00 305.01 62T061 2195.8 3.77 7940 0.13 70 2 12 20 0.8 
TMPD62 716029 505230 929 334.00 334.01 62T070 2197.5 2.44 2860 0.08 5 2 10 16 0.1 
TMPD62 716031 505230 927 337.00 337.01 62T071 2195.1 5.91 4480 0.90 9 2 23 83 0.1 
TMPD62 716035 505231 922 343.50 343.51 62T073 2190.3 1.04 620 0.04 3 2 14 31 0.1 
TMPD62 716041 505231 914 353.00 353.01 62T076 2191 .7 1.20 2140 0.14 5 2 19 56 0.7 
TMPD62 716043 505231 912 356.00 356.01 62T077 2196.9 5.47 4180 0.10 14 4 12 40 0.7 
TMPD62 716045 505231 909 359.30 359.31 62T078 2194.8 1.57 5750 0.05 13 7 34 26 0.1 
Appendix E2 F2-23 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File ui.;T-UM·A. SSW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD62 716051 505232 902 369.00 369.01 62T081 2198.5 1.08 4340 0.09 6 19 104 55 0.8 
TMPD62 716053 505232 899 372.00 372.01 62T082 2194.8 1.57 7480 0.06 6 44 26 212 1.8 
TMPD62 716055 505232 897 375.30 375.31 62T083 2200.5 2.98 5770 0.05 2 15 32 96 0.9 
TMPD62 716056 505233 895 378.00 378.01 62T084 2198.5 2.72 5400 0.12 1 11 56 38 0.6 
TMPD62 716058 505233 892 381 .00 381.01 62T085 2195.5 2.22 3790 0.04 3 8 88 68 1.9 
TMPD62 716060 505233 890 384.30 384.31 62T086 2196.1 1.80 5180 0.05 2 8 43 67 1 
TMPD62 716062 505233 887 387.00 387.01 62T087 2196.1 1.80 4080 0.04 1 11 47 42 0.1 
TMPD62 716064 505233 885 390.00 390.01 62T088 2196.6 1.91 5890 0.14 3 31 61 102 1.9 
TMPD62 716066 505233 882 393.30 393.31 62T089 2196.2 1.72 3450 0.24 1 7 48 91 0.1 
TMPD62 716067 505234 880 396.30 396.31 62T090 2196.3 0.90 6980 0.38 1 3 63 95 2.6 
TMPD&2 71ll070 505234 an 399.80 399.81 62T091 2196.3 2..49 '960 0.27 5 4 61 80 0.7 
TMPD62 716072 505234 875 403.00 403.01 62T092 2194.5 2.54 13140 0.50 13 4 84 52 1.8 
TMPD62 716073 505234 872 406.00 406.01 62T093 2195.4 3.54 11970 0.70 10 13 102 93 1.9 
TMPD62 716075 505234 870 409.40 409.41 62T094 2192.9 0.91 12080 1.13 22 4 28 35 2.2 
TMPD62 716079 505235 865 415.00 415.01 62T096 2195.3 2.47 5490 0.10 87 7 51 58 1.3 
TMPD64 715818 505166 1130 65.10 65.11 64T020 2200.8 0.80 3000 0.42 1200 65 160 30 1.6 
TMPD64 715818 505165 1128 68.00 68.01 64T021 2191.0 0.69 5100 0.24 238 20 100 50 3.4 
TMPD64 715818 505163 1125 71 .00 71.01 64T022 2204.9 0.66 420 0.06 28 25 120 2 0.3 
TMPD64 715817 505162 1123 74.00 74.01 64T023 2194.2 1.49 4600 0.26 500 35 35 35 1.1 
TMPD64 715817 505160 1120 77.00 77.01 64T024 2200.4 0.34 17400 0.32 950 50 10 40 3.2 
TMPD64 715817 505159 1117 80.00 80.01 64T025 2190.4 1.20 7800 0.52 450 30 10 20 0.9 
TMPD64 715817 505157 1115 83.20 83.21 64T026 2192.2 1.39 5100 0.23 10 15 45 25 2 
TMPD64 715817 505156 1112 86.40 86.41 64T027 2204.5 0.65 890 0.05 5 20 140 2 0.8 
TMPD64 715817 505154 1109 89.40 89.41 64T028 2203.5 1.18 340 0.38 3 60 130 2 0.7 
TMPD64 715817 505153 1107 92.40 92.41 64T029 2193.5 1.23 9500 0.48 45 10 15 100 1.3 
TMPD64 715817 505152 1104 95.40 95.41 64T030 2192.7 1.08 7300 0.62 11 20 10 40 1.4 
TMPD64 715817 505150 1101 98.40 98.41 64T031 2192.6 0.96 5300 0.02 3 5 20 250 1 
TMPD64 715817 505149 1099 101.10 101 .11 64T032 2194.6 1.25 6300 0.42 4 20 15 40 0.6 
TMPD64 715817 505148 1097 103.00 103.01 64T033 2197.0 1.26 6900 0.46 2 10 15 30 1.2 
TMPD64 715817 505147 1095 105.70 105.71 64T034 2195.2 1.02 9800 0.88 3 10 10 15 2.1 
TMPD64 715817 505145 1092 108.60 108.61 64T035 2194.1 1.28 12800 1.28 9 20 15 20 2.6 
TMPD64 715817 505142 1087 114.50 114.51 64T037 2205.0 3.83 10600 1.16 7 20 10 10 1.6 
TMPD64 715816 505141 1085 116.50 116.51 64T038 2195.8 1.80 12100 1.26 20 60 10 30 2.4 
TMPD64 715816 505136 1075 128.60 128.61 64T042 2193.6 2.13 12300 0.40 290 35 15 30 2.8 
TMPD64 715816 505134 1072 131 .60 131.61 64T043 2194.3 1.79 9900 0.60 102 50 25 10 2 
TMPD64 715816 505131 1067 137.70 137.71 64T045 2191 .7 1.55 9000 0.96 55 20 30 10 2.7 
TMPD64 715816 505130 1064 140.70 140.71 64T046 2191.0 1.01 7300 0.64 55 25 10 15 1.7 
TMPD64 715815 505120 1046 161 .00 161.01 64T053 2190.0 1.20 3600 0.37 230 15 30 25 1 
TMPD64 715814 505103 1015 196.70 196.71 64T065 2190.4 1.41 11600 0.84 41 35 15 30 2 
TMPD64 715814 505101 1009 202.70 202.71 64T067 2192.2 1.24 6600 0.44 230 40 25 30 0.6 
TMPD64 715813 505094 996 217.40 217.41 64T072 2191.6 1.52 12200 0.74 1890 45 25 30 1.2 
TMPD64 715813 505093 995 219.00 219.01 64T073 2191.4 1.23 15800 0.86 936 60 20 25 2.1 
TMPD64 715813 505092 992 222.00 222.01 64T074 2189.8 1.82 8800 0.70 430 30 30 20 1.1 
TMPD64 715813 505089 988 227.50 227.51 64T076 2191.1 1.42 11800 0.80 118 25 15 40 1.4 
TMPD64 715813 505088 985 230.50 230.51 64T077 2192.5 1.57 7900 0.37 207 20 25 30 1.2 
TMPD64 715812 505086 982 233.30 233.31 64T078 2191.7 0.80 7500 0.64 468 25 120 1000 0.8 
TMPD64 715812 505085 979 237.10 237.11 64T079 2193.3 1.53 8900 0.74 1260 120 35 35 1.5 
TMPD64 715812 505083 976 240.10 240.11 64T080 2188.8 1.39 8200 0.90 440 65 95 25 1.9 
TMPD64 715812 505080 971 246.50 246.51 64T082 2191.9 1.34 6200 0.70 22 35 20 140 0.8 
TMPD64 715812 505077 965 252.50 252.51 64T084 2190.7 1.42 7600 0.74 2 15 20 140 1.2 
TMPD64 715812 505076 962 256.30 256.31 64T085 2194.0 2.58 5000 0.47 3 30 10 130 0.8 
TMPD64 715811 505074 959 259.30 259.31 64T086 2193.0 1.15 7600 0.67 4 25 10 400 1 
TMPD64 715811 505073 957 262.20 262.21 64T087 2192.2 1.59 14900 0.74 9 35 15 60 1.4 
TMPD64 715811 505071 954 265.65 265.66 64T088 2192.9 1.71 11900 0.67 26 45 10 40 1.2 
TMPD64 715811 505070 952 268.30 268.31 64T089 2199.5 1.54 8900 0.47 234 55 25 50 1.3 
TMPD64 715811 505068 949 271.50 271 .51 64T090 2194.6 1.02 5400 0.34 59 30 30 95 0.8 
TMPD64 715811 505067 946 274.50 274.51 64T091 2193.2 0.99 12400 0.87 36 25 25 75 1.4 
TMPD64 715810 505061 935 286.50 286.51 64T095 2186.4 1.10 4200 0.33 17 20 15 300 1 
TMPD64 715810 505060 933 289.50 289.51 64T096 2192.5 1.05 5600 0.40 34 20 20 520 0.9 
TMPD64 715810 505059 930 292.80 292.81 64T097 2190.5 0.84 9100 0.26 210 55 20 150 1.4 
TMPD64 715810 505054 922 301.80 301 .81 64T100 2194.6 2.07 9700 0.36 500 45 45 60 1.6 
TMPD64 715810 505053 919 304.80 304.81 64T101 2196.7 1.34 12700 0.93 36 50 15 40 1.9 
TMPD64 715809 505052 917 307.80 307.81 64T102 2196.1 1.38 12800 0.73 22 55 15 30 2.1 
TMPD64 715809 505043 901 325.60 325.61 64T108 2194.5 1.06 1000 0.01 4 65 150 5 1.2 
TMPD64 715809 505042 898 328.60 328.61 64T109 2193.6 1.29 12200 0.37 28 55 40 10 1.6 
TMPD64 715808 505039 893 335.00 335.01 64T111 2190.2 1.26 8000 0.16 54 55 130 380 1.3 
TMPD64 715808 505038 890 338.00 338.01 64T112 2193.9 1.72 17700 0.16 45 80 55 420 3.2 
TMPD64 715808 505036 887 341.00 341.01 64T113 2197.4 2.89 21900 0.18 85 35 50 390 5.1 
Appendix E2 F2-24 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File 1 u1,;1-u11-:I. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD64 715808 505035 885 344.00 344.01 64T114 2198.9 3.32 10000 0.12 12 70 50 195 3 
TMPD64 715808 505033 882 347.00 347.01 64T115 2196.6 5.93 6200 0.03 17 25 35 130 1.2 
TMP064 715808 505031 877 353.00 353.01 64T117 2195.5 8A6 8500 0.09 75 30 15 55 1 
TMPD64 715807 505029 874 356.00 356.01 64T118 2197.2 4.84 22600 0.18 4 25 15 350 5.7 
TMPD64 715807 505028 871 359.00 359.01 64T119 2189.4 1.08 12500 0.55 4 20 20 360 2.2 
TMPD64 715807 505026 868 363.00 363.01 64T120 2194.3 1.25 5400 0.05 3 15 35 40 1 
TMPD64 715807 505023 862 369.00 369.01 64T122 2193.6 1.38 1600 0.08 3 15 40 20 0.6 
TMPD64 715807 505022 860 372.00 372.01 64T123 2195.1 1.90 1200 0.05 3 20 15 20 0.6 
TMPD64 715807 505021 857 375.00 375.01 64T124 2199.7 0.89 1900 0.12 3 15 35 25 0.9 
TMPD64 715807 505019 854 378.00 378.01 64T125 2197.9 2.96 1400 0.03 2 10 15 15 0.8 
TMPD64 715807 505018 853 380.00 380.01 64T126 2197.7 2.03 1000 0.02 2 10 25 30 0.4 
TMPD64 715806 505017 850 383.00 383.01 64T127 2192.1 1.02 840 0.02 2 15 15 25 0.3 
TMPD77 716264 505365 1281 23.10 23.11 77T001 2204.6 1.01 350 0.02 1 20 85 5 0.1 0 
TMPD77 716264 505362 1276 29.20 29.21 77T002 2204.5 1.22 110 0.01 1 20 60 2 0.1 0 
TMPD77 716264 505360 1269 35.90 35.91 77T003 2203.8 1.07 380 0.02 3 15 45 2 0.1 0.05 
TMPD77 716264 505359 1267 38.20 38.21 77T004 2198.3 0.64 140 0.01 2 15 35 2 0.1 0.05 
TMPD77 716264 505358 1264 41 .20 41 .21 77T005 2198.7 0.69 140 0.01 2 15 35 2 0.1 0.05 
TMPD77 716264 505356 1259 47.00 47.01 77T007 2191 .2 0.43 95 0.02 2 35 35 2 0.1 0.05 
TMPD77 716264 505355 1256 50.10 50.11 77T008 2194.9 0.53 90 0.02 1 15 50 2 0.1 0.05 
TMPD77 716264 505354 1253 53.20 53.21 77T009 2195.3 1.01 390 0.01 2 15 100 2 0.1 0.05 
TMPD77 716264 505353 1250 56.60 56.61 77T010 2191.5 0.73 390 0.01 2 15 100 2 0.1 0.05 
TMPD77 716264 505352 1247 59.40 59.41 77T011 2188.4 0.59 190 0.03 3 20 85 2 0.1 0.05 
TMPD77 716264 505351 1245 62.00 62.01 77T012 2194.4 0.54 190 0.03 3 20 85 2 0.1 0.05 
TMPD77 716264 505350 1242 65.50 65.51 77T014 2189.9 0.47 150 0.03 2 25 110 2 0.1 0.05 
TMPD77 716264 505349 1238 69.50 69.51 77T016 2195.3 0.55 150 0.03 2 25 110 2 0.1 0.05 
TMPD77 716264 505348 1236 71 .10 71.11 77T017 2193.6 0.64 430 0.03 4 25 65 5 0.1 0.05 
TMPD77 716264 505347 1233 74.10 74.11 77T018 2186.7 0.61 430 0.03 4 25 65 5 0.1 0.05 
TMPD77 716264 505346 1229 78.60 78.61 77T020 2191.6 0.77 220 0.02 10 30 70 15 0.1 0.05 
TMPD77 716264 505345 1226 81 .60 81 .61 77T021 2191 .8 0.94 220 0.02 10 30 70 15 0.1 0.05 
TMPD77 716264 505344 1224 84.20 84.21 77T022 2192.3 0.89 270 0.02 8 70 130 10 0.1 0.05 
TMPD77 716264 505343 1222 86.20 86.21 77T023 2194.0 0.80 270 0.02 8 70 130 10 0.1 0.05 
TMPD77 716264 505342 1219 89.10 89.11 77T024 2196.3 0.84 100 0.01 3 55 100 5 0.1 0 
TMPD77 716264 505341 1217 92.10 92.11 77T025 2195.7 0.81 390 0.02 2 40 75 5 0.1 0 
TMPD77 716264 505340 1214 95.10 95.11 77T026 2194.9 0.80 390 0.02 2 40 75 5 0.1 0 
TMPD77 716264 505339 1211 98.10 98.11 77T027 2192.3 0.77 290 0.02 4 35 40 5 0.1 0.05 
TMPD77 716264 505338 1208 100.80 100.81 77T028 2191 .9 1.25 290 0.02 4 35 40 5 0.1 0.05 
TMPD77 716264 505337 1207 102.30 102.31 77T029 2191 .9 1.25 290 0.02 4 35 40 5 0.1 0.05 
TMPD77 716264 505337 1205 104.80 104.81 77T030 2190.5 0.94 250 0.01 7 30 30 25 0.1 0.05 
TMPD77 716264 505332 1191 119.20 119.21 77T036 2190.7 1.11 2600 0.07 88 10 15 20 0.8 0.05 
TMPD77 716264 505331 1189 120.90 120.91 77T037 2192.5 0.88 810 0.22 46 10 55 30 0.1 0.05 
TMPD77 716264 505330 1186 124.10 124.11 77T038 2191.6 1.01 9500 0.60 448 10 20 35 11 .9 0.15 
TMPD77 716264 505326 1175 135.90 135.91 77T039 2191 .5 1.40 560 0.16 29 10 15 55 1 0.05 
TMPD77 716264 505325 1171 140.00 140.01 77T041 2204.0 1.52 310 0.01 10 40 350 15 0.1 0.05 
TMPD77 716264 505324 1169 142.90 142.91 77T042 2202.2 1.50 4900 0.17 148 15 270 20 1.4 0.05 
TMPD77 716264 505321 1161 150.70 150.71 77T045 2192.8 2.02 4900 0.17 148 15 270 20 1.4 0.05 
TMPD77 716264 505320 1159 153.40 153.41 77T046 2192.1 1.82 4200 0.65 45 20 150 20 0.8 0.05 
TMPD77 716264 505320 1156 156.00 156.01 77T047 2191 .2 1.30 9800 0.45 88 35 220 35 4.8 0 
TMPD77 716264 505319 1154 158.30 158.31 77T048 2191 .0 1.30 6600 0.40 115 35 340 20 4.6 0.1 
TMPD77 716264 505318 1151 161.75 161.76 77T049 2191 .5 1.25 6500 0.55 115 20 95 25 4.6 0 
TMPD77 716264 505317 1149 164.00 164.01 77T050 2191 .5 1.83 6500 0.24 41 15 220 10 2.9 0.05 
TMPD77 716264 505316 1147 166.00 166.01 77T051 2191 .5 1.17 13200 1.27 1840 35 210 30 6.1 0.4 
TMPD77 716264 505314 1141 172.60 172.61 77T053 2193.9 1.28 3000 0.08 4 5 50 30 0.1 0 
TMPD77 716264 505307 1118 195.90 195.91 77T062 2193.2 1.31 4300 0.18 10 5 45 15 1.2 0.05 
TMPD77 716264 505306 1115 199.70 199.71 77T064 2193.6 1.68 5500 0.45 122 10 35 40 1.3 0.05 
TMPD77 716264 505303 1106 208.90 208.91 77T068 2190.6 1.08 26500 1.00 15 5 20 980 4.8 0.05 
TMPD77 716264 505303 1105 210.30 210.31 77T069 2190.0 0.95 7700 0.18 12 5 25 250 1.7 0 
TMPD77 716264 505294 1078 238.30 238.31 77T080 2192.5 1.05 5700 0.40 14 10 45 15 0.1 0.05 
TMPD77 716264 505291 1069 247.50 247.51 77T083 2191 .2 1.36 7600 0.50 2 5 35 35 1.1 0 
TMPD77 716264 505291 1068 249.10 249.11 77T084 2194.0 0.91 5200 0.67 2 5 40 15 0.9 0 
TMPD77 716264 505288 1060 257.20 257.21 77T087 2191 .0 0.97 4000 0.27 5 5 20 50 0.1 0 
TMPD77 716264 505287 1058 259.30 259.31 77T088 2188.2 0.67 6100 0.53 2 5 20 15 1.2 0 
TMPD77 716264 505286 1053 264.40 264.41 77T090 2192.2 1.33 4400 0.25 1 5 40 20 0.1 0.1 
TMPD77 716264 505279 1032 287.25 287.26 77T098 2193.5 1.90 2700 0.08 13 10 65 20 0.1 0.05 
TMPD77 716264 505278 1029 289.75 289.76 77T099 2191.9 0.96 5200 0.11 10 50 250 10 0.5 0.05 
TMPD77 716264 505277 1028 291 .35 291 .36 77T100 2194.5 1.35 6700 0.11 4 55 620 10 1 0 
TMPD77 716264 505277 1025 294.00 294.01 77T101 2191.5 1.15 2600 0.05 1 5 150 10 0.1 0 
TMPD77 716264 505275 1021 297.90 297.91 77T102 2195.0 1.53 6900 0.24 1 5 120 15 0.1 0.05 
TMPD77 716264 505275 1019 300.10 300.11 77T103 2196.7 2.37 8800 0.10 1 5 50 15 1 0.05 
Appendix E2 F2-25 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File V'-'l·VM-A SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD77 716264 505270 1004 316.10 316.11 77T109 2196.5 1.76 7600 0.10 2 5 30 25 0.1 0.05 
TMPD77 716264 505268 1000 320.80 320.81 77T111 2195.4 1.96 6400 0.12 57 75 290 10 0.1 0 
TMPD77 716264 505268 998 322.35 322.36 77T112 2192.6 1.21 3600 0.14 3 30 45 25 0.1 0 
TMPD77 716264 505267 996 324.50 324.51 77T113 2198.9 2.06 1900 0.05 4 40 75 35 0.1 0 
TMPD77 716264 505266 994 327.20 327.21 77T114 2199.5 1.12 4900 0.13 3 200 110 10 0.8 0 
TMPD77 716264 505265 991 330.30 330.31 77T115 2199.7 1.11 3800 0.15 4 90 100 20 0.1 0.05 
TMPD77 716264 505264 987 334.10 334.11 77T116 2194.1 0.69 3400 0.10 3 55 110 15 0.1 0 
TMPD77 716264 505263 985 336.60 336.61 77T117 2194.5 1.86 4100 0.09 23 75 95 15 0.8 0 
TMPD77 716264 505263 982 339.50 339.51 77T118 2196.5 1.25 4300 0.11 6 80 100 40 0.1 0 
TMPD77 716264 505262 980 341 .10 341 .11 77T119 2197.8 0.85 4800 0.14 8 100 85 85 0.6 0 
TMPD77 716264 505261 977 344.50 344.51 77T120 2195.5 1.18 4300 0.07 4 120 75 25 0.1 0 
TMPD77 716264 505260 975 346.40 346.41 77T121 2195.3 2.34 2800 0.07 4 100 70 25 0.1 0 
TMPD77 716264 505260 973 348.60 348.61 77T122 2198.5 1.41 5300 0.14 4 75 160 65 0.9 0 
TMPD77 716264 505259 971 351 .10 351.11 77T123 2198.7 1.06 4700 0.20 9 85 180 40 0.8 0 
TMPD77 716264 505258 968 354.10 354.11 77T124 2194.6 1.03 2200 0.17 13 100 140 45 0.6 0.05 
TMPD77 716264 505257 965 356.80 356.81 77T125 2196.0 0.66 6300 0.19 6 65 180 30 0.9 0.05 
TMPD77 716264 505257 964 358.60 358.61 77T126 2198.0 1.90 5500 0.12 11 45 170 15 0.8 0.05 
TMPD77 716264 505256 961 361 .20 361.21 77T127 2204.3 1.94 7100 0.15 5 50 80 20 0.7 0.05 
TMPD8 716264 505379 1293 13.1 5 13.16 8T001 2204.2 0.51 130 0.02 1 40 70 2 1 0.3 
TMPD8 716264 505382 1287 19.30 19.31 8T002 2204.5 0.87 200 0.01 1 25 50 2 0.8 0.3 
TMPD8 716264 505385 1282 25.45 25.46 8T003 2200.1 0.66 150 0.02 1 20 65 2 0.8 0.25 
TMPD8 716264 505387 1279 28.65 28.66 8T004 2198.9 0.72 280 0.01 14 40 70 10 1 0.3 
TMPD8 716264 505388 1276 32.20 32.21 8T005 2188.5 0.31 950 0.03 6 40 100 15 1 0.25 
TMPD8 716264 505391 1272 36.65 36.66 8T006 2190.9 0.57 100 0.02 2 30 35 2 0.8 0.1 
TMPD8 716264 505392 1269 40.20 40.21 8T007 2188.2 0.58 65 0.02 5 30 50 2 1 0.2 
TMPD8 716264 505394 1266 43.25 43.26 8T008 2190.7 0.60 75 0.03 3 25 45 2 1 0.1 
TMPD8 716265 505395 1264 46.50 46.51 8T009 2194.4 0.64 90 0.03 2 25 70 2 1 0.1 
TMPD8 716265 505397 1260 50.00 50.01 8T010 2192.7 0.46 130 0.02 1 30 50 2 1 0.15 
TMPD8 716265 505401 1254 57.40 57.41 8T012 2186.1 0.56 950 0.03 4 40 130 15 1.5 0.15 
TMPD8 716265 505403 1251 61.40 61.41 8T013 2198.9 0.72 100 0.02 2 30 130 2 0.9 0.15 
TMPD8 716265 505404 1248 64.40 64.41 8T014 2194.1 0.83 200 0.02 2 35 55 2 0.8 0.1 
TMPD8 716265 505406 1245 67.60 67.61 8T015 2196.1 0.62 45 0.01 1 25 80 2 1 0.1 
TMPD8 716265 505407 1242 70.70 70.71 8T016 2192.9 0.48 25 0.02 1 20 80 2 1.6 0.1 
TMPD8 716265 505409 1239 74.10 74.11 8T017 2192.4 0.86 75 0.03 8 20 75 2 0.7 0.1 
TMPD8 716265 505410 1237 77.10 77.11 8T018 2188.2 0.66 90 0.02 10 25 100 2 1 0.1 
TMPD8 716265 505412 1234 80.60 80.61 8T019 2194.7 0.66 20 0.02 3 20 90 2 1 0 
TMPD8 716265 505414 1230 84.90 84.91 8T020 2198.4 1.25 130 0.02 1 20 65 2 0.8 0.1 
TMPD8 716265 505415 1228 87.35 87.36 8T021 2190.4 0.62 210 0.02 2 15 55 2 0.8 0.1 
TMPD8 716265 505417 1224 91 .15 91 .16 8T022 2193.8 0.83 270 0.04 1 20 75 2 1 0.1 
TMPD8 716265 505419 1221 95.55 95.56 8T023 2188.5 0.41 230 0.03 1 25 110 2 1.2 0.1 
TMPD8 716265 505421 1217 99.95 99.96 8T024 2192.3 0.67 260 0.03 1 25 85 15 1 0.15 
TMPD8 716265 505423 1214 103.50 103.51 8T025 2189.8 0.54 320 0.02 1 20 130 2 0.8 0.1 
TMPD8 716265 505425 1210 107.40 107.41 8T026 2189.9 0.50 100 0.03 1 20 95 2 0.7 0.1 
TMPD8 716265 505436 1189 131 .60 131 .61 8T029 2194.4 0.48 3600 0.60 45 40 40 20 2.2 0.2 
TMPD8 716266 505474 1115 214.90 214.91 8T043 2194.3 2.46 2200 0.10 4 30 30 10 0.9 0.15 
TMPD8 716266 505476 1111 218.80 218.81 8T044 2192.3 0.99 2100 0.10 6 30 35 15 1.8 0.1 
TMPD8 716266 505477 1108 222.00 222.01 8T045 2194.0 1.67 1000 0.04 2 40 360 5 1.2 0.1 
TMPD8 716266 505478 1105 225.00 225.01 8T046 2195.3 0.87 3100 0.06 2 30 95 2 1 0.1 
TMPD8 716266 505482 1097 234.30 234.31 8T049 2187.3 0.56 1500 0.04 2 55 300 5 1.2 0.1 
TMPD8 716266 505484 1094 237.40 237.41 8T050 2184.6 0.67 3100 0.03 10 45 200 10 1.2 0.1 
TMPD8 716266 505485 1091 241 .00 241 .01 8T051 2193.3 1.17 3700 0.01 2 35 230 5 1 0.15 
TMPD8 716267 505490 1082 250.90 250.91 8T054 2196.8 4.63 22000 0.33 23 50 40 15 4 0.25 
TMPD8 716267 505491 1079 254.00 254.01 8T055 2195.5 1.09 4400 0.03 6 20 30 10 0.8 0.35 
TMPD8 716267 505492 1076 257.40 257.41 8T056 2190.1 0.78 2200 0.04 5 20 280 2 1.6 0.1 
TMPD8 716267 505493 1074 260.00 260.01 8T057 2186.7 0.76 1700 0.02 3 15 180 5 1.4 0.3 
TMPD8 716267 505499 1062 273.00 273.01 8T060 2195.0 0.89 6000 0.03 4 25 240 5 4.1 0.3 
TMPD8 716267 505501 1059 276.70 276.71 8T061 2185.8 0.37 5200 0.02 3 20 320 2 4.2 0.1 
TMPD8 716267 505501 1057 278.30 278.31 8T062 2186.0 0.48 5500 0.10 5 30 280 2 2.8 0.1 
TMPD8 716267 505503 1055 281 .50 281 .51 8T063 2186.9 1.19 7600 0.10 35 10 310 50 1.7 0.15 
TMPD8 716267 505504 1052 284.80 284.81 8T064 2190.8 0.76 
TMPD8 716267 505507 1046 291 .25 291 .26 8T066 2189.2 0.87 4100 0.10 7 35 250 5 2.5 0.1 
TMPD8 716267 505510 1039 298.75 298.76 8T069 2196.2 1.40 4500 0.08 5 25 260 15 2.3 0.1 
TMPD8 716267 505514 1030 308.20 308.21 8T072 2192.9 1.14 5400 0.05 10 40 250 15 3.1 0.3 
TMPD8 716267 505518 1021 318.20 318.21 8T075 2190.7 0.74 6700 0.97 2 20 100 25 2 0.1 
TMPD8 716267 505520 1018 321.40 321.41 8T076 2186.8 0.59 3200 0.63 2 45 180 5 3.2 0.15 
TMPD8 716267 505521 1015 325.00 325.01 8T077 2194.1 1.31 3400 0.10 3 30 55 30 2 0.1 
TMPD8 716267 505522 1013 327.50 327.51 8T078 2196.0 2.07 3600 0.10 3 25 30 15 1.6 0.1 
TMPD8 716267 505524 1010 330.50 330.51 8T079 2206.0 1.28 2200 0.04 8 15 30 35 1.6 0.1 
Appendix E2 F2-26 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File OCT·OH·). sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD8 716267 505531 995 347.65 347.66 8T084 2190.0 1.26 1700 0.04 1 25 60 15 1.8 0.1 
TMPD8 716267 505532 992 350.45 350.46 8T085 2193.3 1.85 2700 0.06 4 35 15 20 1.2 0.1 
TMPD8 716267 505533 989 353.70 353.71 8T086 2193.6 2.38 2700 0.06 4 35 15 20 1.2 0.1 
TMPD8 716267 505539 976 368.00 368.01 8T090 2197.2 1.16 3800 0.08 16 35 120 15 1.6 0.15 
TMPD8 716267 505542 970 374.45 374.46 8T092 2198.9 1.57 4400 0.07 2 35 15 5 1.6 0.1 
TMPD8 716267 505543 968 377.20 377.21 8T093 2190.4 2.14 3000 0.05 4 20 20 5 1.8 0.1 
TMPD8 716267 505546 961 384.40 384.41 8T095 2195.3 1.17 3500 0.06 2 30 30 45 1.8 0.35 
TMPD8 716267 505548 956 390.20 390.21 8T097 2195.7 1.07 1400 0.03 2 40 30 15 1.5 0.1 
TMPD8 716267 505554 943 404.20 404.21 8T101 2196.3 0.64 1800 0.02 4 45 95 50 2.2 0.15 
TMPD8 716267 505557 937 410.75 410.76 8T102 2198.6 5.19 2800 0.04 3 30 35 30 2.2 0.25 
TMPD8 716267 505558 934 414.50 414.51 8T103 2199.7 1.57 2800 0.04 3 30 35 30 2.2 0.25 
TMPD8 716267 505559 931 417.20 417.21 8T104 2198.0 1.85 2300 0.55 2 35 45 25 3 0.15 
TMPD8 716267 505561 927 421.50 421.51 8T105 2197.2 3.42 4600 0.05 2 25 35 35 2.8 0.1 
TMPD8 716267 505562 925 424.50 424.51 8T106 2195.7 1.62 4600 0.05 2 25 35 35 2.8 0.1 
TMPD8 716267 505564 921 428.55 428.56 8T107 2196.8 2.35 3300 0.04 4 15 35 25 2.4 0.15 
TMPD8 716267 505565 918 432.00 432.01 8T108 2196.4 4.07 3600 0.04 50 60 75 5 1.9 0.15 
TMPD8 . . . 435.85 435.85 8T109 2207.0 0.58 2300 0.04 2 35 50 15 2.3 0.1 
TMPD8 716267 505568 911 439.60 439.61 8T110 2202.3 0.60 2300 0.04 2 35 50 15 2.3 0.1 
TMPD8 716267 505570 907 443.30 443.31 8T111 2202.8 0.91 3300 0.08 3 25 50 45 2 0.1 
TMPD8 716267 505571 904 447.10 447.11 8T112 2192.7 0.51 1700 0.04 5 30 40 25 2.3 0.15 
TMPD8 716267 505572 901 450.10 450.11 8T113 2190.7 0.66 2900 0.08 10 55 60 15 1.6 0.15 
TMPD8 716267 505574 898 453.50 453.51 8T114 2191 .1 3.50 2900 0.08 10 55 60 15 1.6 0.15 
TMPD8 716267 505576 892 459.80 459.81 8T116 2198.0 2.15 1700 0.02 6 20 20 40 1.2 0.1 
TMPD8 716267 505579 885 467.20 467.21 8T118 2206.8 0.62 1700 0.06 2 140 300 15 1.8 0.1 
TMPD8 716267 505581 882 471 .00 471 .01 8T119 2206.6 0.99 2800 0.04 1 55 110 40 2 0.15 
TMPD8 716267 505582 879 474.40 474.41 8T120 2207.1 0.83 2800 0.04 1 55 110 40 2 0.15 
TMPD8 716267 505595 847 508.50 508.51 8T130 2198.4 1.69 2400 0.05 1 35 50 15 2.2 0.1 
TMPD8 716267 505597 844 512.45 512.46 8T131 2196.9 4.42 3800 0.30. 3 35 25 30 2.8 0.1 
TMPD8 716267 505598 841 515.45 515.46 8T132 2194.8 1.60 3000 0.07 2 70 65 45 3 0.3 
TMPD8 716267 505601 833 523.40 523.41 8T134 2203.9 1.06 3200 0.06 2 30 25 65 2.8 0.1 
TMPD8 716267 505605 824 533.60 533.61 8T137 2207.2 0.55 1800 0.04 2 50 45 25 2 0.1 
TMPD8 716267 505606 821 536.60 536.61 8T138 2197.8 1.31 1500 0.02 2 65 250 25 2.5 0.1 
TMPD8 716267 505607 818 539.80 539.81 8T139 2202.6 0.49 1500 0.02 2 65 250 25 2.5 0.1 
TMPD8 716267 505608 815 543.35 543.36 8T140 2209.6 0.31 1800 0.03 2 40 60 35 2 0.1 
TMPD8 716267 505615 799 560.50 560.51 8T144 2201.1 0.46 2200 0.02 1 40 25 25 1.9 0.15 
TMPD8 716267 505616 796 564.10 564.11 8T145 2199.3 4.06 2200 0.02 1 40 25 25 1.9 0.15 
TMPD8 716267 505617 793 567.20 567.21 8T146 2202.7 2.02 1900 0.03 3 55 65 45 1.4 0.15 
TMPD8 716267 505619 790 570.75 570.76 8T147 2202.2 3.75 2100 0.08 3 35 45 40 1.4 0.15 
TMPD8 716267 505620 787 573.75 573.76 8T148 2204.1 0.75 2100 0.08 3 35 45 40 1.4 0.15 
TMPD8 716267 505622 780 581 .00 581 .01 8T150 2204.0 0.80 1100 0.02 2 40 45 15 1.8 0.2 
TMPD8 716267 505627 768 593.80 593.81 8T154 2206.4 0.52 1400 0.03 3 30 35 15 1.9 0.15 
TMPD81 715806 504984 1148 13.00 13.01 81T001 2193.0 0.98 270 1.20 540 240 80 60 1.1 0.25 
TMPD81 715806 504985 1146 16.00 16.01 81T002 2191 .5 1.21 280 0.40 672 40 65 35 0.6 0.05 
TMPD81 715806 504986 1143 19.00 19.01 81T003 2191 .5 1.57 280 0.40 672 40 65 35 0.6 0.05 
TMPD81 715806 504988 1140 22.00 22.01 81T004 2191.3 1.26 380 0.50 342 20 25 45 0.8 0.05 
TMPD81 715806 504989 1138 25.00 25.01 81T005 2192.3 1.17 380 0.50 342 20 25 45 0.8 0.05 
TMPD81 715805 505002 1114 52.10 52.11 81T014 2192.2 1.12 200 0.43 564 20 15 25 0.8 0.25 
TMPD81 715805 505003 1112 54.50 54.51 81T015 2192.4 1.13 200 0.43 564 20 15 25 0.8 0.25 
TMPD81 715805 505005 1108 59.00 59.01 81T017 2192.7 1.30 1500 0.60 216 35 30 35 2 0.25 
TMPD81 715805 505007 1105 62.30 62.31 81T018 2191 .1 0.86 1500 0.60 216 35 30 35 2 0.25 
TMPD81 715805 505008 1102 65.30 65.31 81T019 2192.4 1.13 190 1.00 272 50 15 15 1.2 0.1 
TMPD81 715805 505009 1099 68.50 68.51 81T020 2193.3 1.15 190 1.00 272 50 15 15 1.2 0.1 
TMPD81 715805 505011 1096 71.50 71.51 81T021 2192.2 1.07 170 0.33 236 35 20 25 1 0.15 
TMPD81 715804 505019 1081 89.10 89.11 81T027 2191 .5 1.23 210 0.38 480 25 30 15 2.1 0.4 
TMPD81 715803 505023 1072 99.00 99.01 81T030 2190.5 1.07 750 0.38 152 20 35 15 1.2 0.1 
TMPD81 715803 505025 1069 102.10 102.11 81T031 2190.9 1.66 960 0.71 112 25 15 65 1.4 0.15 
TMPD81 715803 505029 1061 111 .50 111 .51 81T034 2191.2 1.08 790 0.58 1160 55 15 50 3 0.45 
TMPD81 715802 505035 1050 123.80 123.81 81T038 2192.4 1.02 7000 0.83 2060 20 15 25 1.6 0.1 
TMPD81 715802 505035 1048 125.80 125.81 81T039 2188.0 2.02 12000 1.08 84 20 20 35 1 0.1 
TMPD81 715799 505050 1019 159.00 159.01 81T050 2192.8 1.42 5300 0.61 188 15 40 45 1 0.05 
TMPD81 715799 505051 1016 162.00 162.01 81T051 2186.7 1.31 14900 0.78 13 5 55 560 1.2 0.05 
TMPD81 715798 505058 1002 177.50 177.51 81T056 2189.2 1.45 5100 0.41 5 15 20 35 1.4 0.05 
TMPD81 715797 505061 995 185.00 185.01 81T059 2189.0 1.06 12000 1.05 86 20 30 70 1 0.05 
TMPD81 715797 505064 989 191 .60 191 .61 81T061 2188.7 1.68 7200 0.85 5 10 35 120 0.8 0 
TMPD81 715796 505067 984 197.70 197.71 81T063 2192.4 1.34 5300 1.55 33 10 50 90 2.8 0.05 
TMPD81 715796 505068 981 200.70 200.71 81T064 2191 .6 1.81 10400 1.11 34 15 85 150 3.7 0 
TMPD81 715796 505071 975 207.00 207.01 81T066 2190.3 1.75 6600 0.41 75 30 100 75 1 0.05 
TMPD81 715795 505075 967 216.00 216.01 81T069 2192.9 1.17 6000 0.58 13 40 40 60 1.9 0.05 
Appendix E2 F2-27 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File IUIJl·OH·A. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD81 715795 505076 964 219.00 219.01 81T070 2194.8 1.41 7900 0.31 108 60 60 220 1.6 0.1 
TMPD81 715794 505077 963 221 .00 221 .01 81T071 2193.2 1.26 7800 0.41 33 40 60 280 1.2 0.05 
TMPD81 715793 505083 948 236.70 236.71 81T076 2194.0 1.43 29500 0.45 720 50 25 580 4.4 0.75 
TMPD81 715791 505095 922 265.60 265.61 81T085 2197.2 3.12 32900 0.91 4 10 25 1500 4.7 0.1 
TMPD81 715791 505099 913 275.20 275.21 81T088 2199.6 5.99 17400 0.31 42 5 25 570 3 0.05 
TMPD81 715791 505103 905 284.80 284.81 81T091 2194.7 1.41 6900 0.12 1 5 40 250 1.8 0.05 
TMPD81 715791 505105 900 290.00 290.01 81T093 2197.8 3.58 13100 0.41 1 5 15 320 2.4 0.05 
TMPD81 715791 505106 897 293.00 293.01 81T094 2197.2 3.74 7400 0.25 4 10 40 500 1.7 0.05 
TMPD81 715791 505109 892 299.00 299.01 81T096 2195.9 2.24 8600 0.16 2 5 20 50 1.4 0 
TMPD81 715791 505110 889 302.00 302.01 81T097 2197.8 3.07 8000 0.20 1 5 30 200 1.4 0 
TMPD81 715791 505113 881 311 .00 311 .01 81T100 2198.8 2.71 10200 0.24 7 5 130 440 1.2 0.05 
TMPD81 715791 505116 875 317.00 317.01 81T102 2196.8 2.22 11600 0.27 24 5 100 240 1.2 0.05 
TMPD81 715791 505121 864 329.00 329.01 81T106 2197.3 4.99 6500 0.19 26 5 110 360 0.8 0 
TMPD81 715791 505124 856 338.00 338.01 81T109 2193.7 2.15 5200 0.16 3 40 310 45 1.7 0 
TMPD81 715791 505126 853 341 .00 341 .01 81T110 2195.4 2.41 8200 0.18 3 25 290 85 3.1 0 
TMPD81 715791 505127 851 344.00 344.01 81T111 2193.4 1.04 15000 0.18 13 50 130 55 4.9 0 
TMPD81 715791 505129 847 348.00 348.01 81T112 2197.7 1.70 7700 0.61 11 220 190 85 5.8 0 
TMPD81 715791 505130 844 351.00 351 .01 81T113 2193.9 1.08 3400 0.18 3 60 70 15 1.8 0 
TMPD81 715791 505131 842 353.00 353.01 81T114 2196.6 1.91 3800 0.23 2 35 190 10 1.8 0 
TMPD81 715791 505132 840 356.00 356.01 81T115 2197.8 1.76 2800 0.08 1 15 60 35 1.2 0 
TMPD81 715791 505133 838 358.00 358.01 81T116 2196.8 1.74 2800 0.08 1 15 60 35 1.2 0 
TMPD81 715791 505133 836 360.00 360.01 81T117 2199.7 1.67 2500 0.12 1 10 70 75 1.2 0 
TMPD82 715804 504972 1148 12.40 12.41 82T001 2192.5 1.01 
TMPD82 715804 504947 1079 85.40 85.41 82T025 2200.6 1.53 
TMPD82 715804 504929 1025 142.50 142.51 82T044 2194.6 1.35 
TMPD82 715804 504927 1020 148.20 148.21 82T046 2191.0 0.96 
TMPD82 715804 504924 1012 157.00 157.01 82T049 2192.6 1.21 
TMPD82 715804 504921 1003 166.00 166.01 82T052 2195.7 2.39 
TMPD82 715804 504920 1000 169.30 169.31 82T053 2193.6 1.72 
TMPD82 715804 504919 997 172.50 172.51 82T054 2191 .8 1.54 
TMPD82 715804 504919 995 174.50 174.51 82T055 2192.0 1.33 
TMPD82 715804 504917 989 180.10 180.11 82T057 2192.6 1.35 
TMPD82 715804 504916 987 183.10 183.11 82T058 2197.9 1.72 
TMPD82 715804 504915 983 186.90 186.91 82T059 2197.0 2.93 
TMPD82 715804 504914 980 189.90 189.91 82T060 2202.8 2.82 
TMPD82 715804 504914 977 193.00 193.01 82T061 2192.9 1.63 
TMPD82 715804 504913 974 196.00 196.01 82T062 2194.9 0.80 
TMPD82 715804 504912 971 199.00 199.01 82T063 2192.2 1.31 
TMPD82 715804 504911 968 202.20 202.21 82T064 2189.2 2.02 
TMPD82 715804 504910 965 205.30 205.31 82T065 2192.8 1.96 
TMPD82 715804 504909 962 208.60 208.61 82T066 2191 .3 1.84 
TMPD82 715804 504908 956 214.60 214.61 82T068 2191 .3 1.47 
TMPD82 715804 504906 951 220.60 220.61 82T070 2191.7 1.27 
TMPD82 715804 504905 948 223.60 223.61 82T071 2194.1 3.14 
TMPD82 715804 504903 942 229.70 229.71 82T073 2190.4 1.46 
TMPD82 715804 504903 939 232.70 232.71 82T074 2195.7 2.47 
TMPD82 715804 504901 933 238.60 238.61 82T076 2197.7 1.93 
TMPD82 715804 504898 924 248.70 248.71 82T079 2194.0 3.80 
TMPD82 715804 504897 921 251.70 251 .71 82T080 2193.1 1.33 
TMPD82 715804 504897 918 254.60 254.61 82T081 2192.8 1.71 
TMPD82 715804 504896 915 257.60 257.61 82T082 2194.2 2.19 
TMPD82 715804 504895 912 260.80 260.81 82T083 2194.7 1.62 
TMPD82 715804 504894 909 263.80 263.81 82T084 2193.8 3.09 
TMPD82 715804 504893 906 26UO 266.81 82T085 2195.11 1.56 
TMPD82 715804 504892 903 269.80 269.81 82T086 2197.8 1.04 
TMPD82 715804 504891 900 272.80 272.81 82T087 2196.0 2.98 
TMPD82 715804 504891 898 275.80 275.81 82T088 2200.2 0.46 
TMPD82 715804 504890 895 278.80 278.81 82T089 2196.5 1.32 
TMPD82 715804 504889 892 281 .80 281 .81 82T090 2205.8 1.07 
TMPD82 715804 504888 889 284.80 284.81 82T091 2206.8 0.95 
TMPD82 715804 504887 886 287.80 287.81 82T092 2206.8 0.94 
TMPD82 0 0 0 290.80 290.80 82T093 2204.0 1.08 
TMPD82 715804 504885 880 293.80 293.81 82T094 2204.7 1.03 
TMPD82 715804 504885 877 296.80 296.81 82T095 2193.1 1.71 
TMPD82 715804 504883 872 302.60 302.61 82T097 2202.7 0.97 
TMPD82 715804 504882 869 305.90 305.91 82T098 2205.4 0.84 
TMPD82 715804 504881 866 309.00 309.01 82T099 2202.8 0.30 
TMPD82 715804 504880 863 312.30 312.31 82T100 2207.0 0.49 
Appendix F2 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File Ul.<l-Ut1·A. SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD82 715804 504879 860 315.30 315.31 82T101 2203.1 0.50 
TMPD82 715804 504878 857 318.30 318.31 82T102 2204.8 1.12 
TMPD82 715804 504877 854 321 .30 321 .31 82T103 2202.6 1.87 
TMPD82 715805 504877 851 324.30 324.31 82T104 2199.6 1.29 
TMPD82 715805 504876 848 327.30 327.31 82T105 2205.0 0.91 
TMPD82 715805 504875 845 330.50 330.51 82T106 2202.2 1.00 
TMPD82 715805 504874 842 333.50 333.51 82T107 2205.3 0.62 
TMPD82 715805 504873 839 336.90 336.91 82T108 2205.2 0.54 
TMPD82 715805 504872 836 339.90 339.91 82T109 2198.9 0.28 
TMPD82 715805 504871 833 343.30 343.31 82T110 2204.6 0.56 
TMPD82 715805 504870 831 345.30 345.31 82T111 2202.2 0.45 
TMPD82 715806 504869 828 349.00 349.01 82T112 2192.6 0.92 
TMPD82 715806 504868 824 352.30 352.31 82T113 2200.6 1.35 
TMPD82 715806 504868 822 355.00 355.01 82T114 2205.3 0.73 
TMPD82 715806 504867 819 358.00 358.01 82T115 2202.0 0.63 
TMPD82 715806 504866 815 361.80 361 .81 82T116 2198.3 1.27 
TMPD82 715806 504865 812 365.00 365.01 82T117 2201 .2 0.60 
TMPD82 715807 504864 809 368.30 368.31 82T118 2200.6 1.30 
TMPD82 715807 504860 798 380.35 380.36 82T122 2202.3 1.47 
TMPD82 715807 504860 795 383.35 383.36 82T123 2202.4 1.89 
TMPD82 715808 504857 785 393.90 393.91 82T126 2200.2 0.49 
TMPD82 715808 504856 782 396.70 396.71 82T127 2199.4 0.98 
TMPD82 715808 504855 781 398.00 398.01 82T128 2204.7 0.54 
TMPD82 715808 504854 778 401.00 401 .01 82T129 2198.4 1.00 
TMPD82 715809 504852 768 411 .00 411.01 82T133 2190.7 0.60 
TMPD86 714631 504799 821 274.60 274.61 86T036 2199.8 0.36 
TMPD86 714631 504801 819 277.80 277.81 86T037 2205.1 0.22 
TMPD86 714631 504804 813 284.20 284.21 86T039 2199.3 0.27 
TMPD86 714631 504806 811 287.00 287.01 86T040 2204.7 0.23 
TMPD86 714631 504808 807 291.00 291.01 86T041 2198.2 0.20 
TMPD86 714631 504809 804 294.60 294.61 86T042 2202.0 0.29 
TMPD86 714631 504812 799 300.50 300.51 86T044 2192.0 0.33 
TMPD86 714631 504814 796 304.00 304.01 86T045 2200.7 0.25 
TMPD86 714631 504817 791 310.00 310.01 86T047 2199.3 0.30 
TMPD86 714631 504820 785 316.30 316.31 86T049 2192.7 0.12 
TMPD86 714631 504822 782 320.00 320.01 86T050 2190.8 0.37 
TMPD86 714631 504824 779 323.20 323.21 86T051 2183.8 0.28 
TMPD86 714631 504826 776 326.90 326.91 86T052 2184.1 0.32 
TMPD86 714631 504827 774 329.70 329.71 86T053 2188.1 0.37 
TMPD86 714631 504828 772 332.00 332.01 86T054 2187.5 0.47 
TMPD86 714631 504830 769 335.40 335.41 86T055 2186.2 0.51 
TMPD86 714631 504831 766 338.30 338.31 86T056 2191 .6 0.54 
TMPD86 714631 504833 763 342.00 342.01 86T057 2190.6 0.62 
TMPD86 714631 504835 760 345.00 345.01 86T058 2188.1 0.55 
TMPD86 714631 504836 757 348.60 348.61 86T059 2198.3 0.46 
TMPD86 714631 504838 755 351.60 351 .61 86T060 2187.8 0.56 
TMPD86 714631 504839 752 354.70 354.71 86T061 2185.1 0.58 
TMPD86 714631 504840 751 355.70 355.71 86T062 2193.6 0.64 
TMPD86 714631 504843 746 362.00 362.01 86T064 2193.2 1.30 
TMPD86 714631 504845 743 365.20 365.21 86T065 2198.0 1.61 
TMPD86 714631 504846 740 368.30 368.31 86T066 2191.8 1.11 
TMPD86 714631 504852 730 380.00 380.01 86T070 2191.2 1.30 
TMPD86 714631 504854 727 383.00 383.01 86T071 2195.6 1.28 
TMPD86 714631 504856 723 388.50 388.51 86T073 2204.6 0.65 
TMPD86 714631 504858 720 391.50 391 .51 86T074 2200.8 0.74 
TMPD86 714631 504865 707 406.20 406.21 86T079 2192.4 1.06 
TMPD86 714631 504867 705 408.80 408.81 86T080 2191 .5 0.96 
TMPD86 714631 504869 700 414.50 414.51 86T082 2190.6 1.37 
TMPD86 714631 504871 697 418.10 418.11 86T083 2193.1 1.52 
TMPD87 714678 505317 1068 6.00 6.01 87T001 2206.6 0.53 
TMPD87 714678 505299 1038 40.60 40.61 87T010 2201.1 2.12 
TMPD87 714678 505298 1036 43.20 43.21 87T011 2202.4 0.86 
TMPD87 714678 505288 1019 62.80 62.81 87T017 2204.5 1.15 
TMPD87 714678 505279 1003 81 .20 81 .21 87T023 2200.2 0.96 
TMPD87 714678 505277 1000 84.40 84.41 87T024 2207.3 1.21 
TMPD87 714678 505276 997 87.60 87.61 87T025 2196.7 0.91 
TMPD87 714678 505274 995 90.60 90.61 87T026 2207.9 0.96 
TMPD87 714678 505273 993 93.10 93.11 87T027 2208.3 0.82 
Appendix E2 F2-29 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drillhole NORTH EAST R.L. FROM TO IRS-File u..,T-un-A. sew Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD87 714678 505271 990 96.60 96.61 87T028 2207.3 0.84 
TMPD87 714678 505270 987 99.60 99.61 87T029 2201 .6 0.91 
TMPD87 714678 505268 984 102.60 102.61 87T030 2205.9 0.68 
TMPD87 714678 505267 982 105.60 105.61 87T031 2205.7 0.61 
TMPD87 714678 505253 958 132.60 132.61 87T040 2195.8 1.35 
TMPD87 714678 505246 945 147.80 147.81 87T045 2199.3 0.72 
TMPD87 714678 505244 943 150.40 150.41 87T046 2194.1 0.66 
TMPD87 714678 505243 940 153.40 153.41 87T047 2208.7 0.86 
TMPD87 714678 505241 938 156.50 156.51 87T048 2210.3 0.86 
TMPD87 714678 505240 935 159.80 159.81 87T049 2208.5 0.82 
TMPD87 714678 505239 933 162.00 162.01 87T050 2206.8 0.91 
TMPD87 714678 505237 930 165.30 165.31 87T051 2207.2 0.90 
TMPD87 714678 505235 927 168.90 168.91 87T052 2208.3 0.62 
TMPD87 714678 505234 924 172.00 172.01 87T053 2209.5 0.81 
TMPD87 714678 505232 921 175.60 175.61 87T054 2206.1 0.83 
TMPD87 714678 505230 919 178.60 178.61 87T055 2201 .3 0.80 
TMPD87 714678 505220 901 199.20 199.21 87T062 2194.0 1.16 
TMPD87 714678 505218 898 202.10 202.11 87T063 2207.7 0.64 
TMPD87 714678 505217 896 205.20 205.21 87T064 2207.0 0.36 
TMPD87 714678 505215 892 208.90 208.91 87T065 2205.6 0.48 
TMPD87 714678 505212 888 214.30 214.31 87T067 2204.0 0.89 
TMPD87 714678 505211 885 217.00 217.01 87T068 2205.1 0.87 
TMPD87 714678 505210 883 220.00 220.01 87T069 2208.8 0.66 
TMPD87 714678 505208 880 223.00 223.01 87T070 2201.1 0.89 
TMPD87 714678 505207 878 226.00 226.01 87T071 2208.6 0.70 
TMPD87 714678 505205 875 229.00 229.01 87T072 2206.4 0.71 
TMPD87 714678 505204 872 232.00 232.01 87T073 2206.2 0.72 
TMPD87 714678 505202 870 235.00 235.01 87T074 2205.7 0.63 
TMPD87 714678 505201 867 238.00 238.01 87T075 2204.4 0.44 
TMPD87 714678 505199 864 241 .30 241.31 87T076 2207.9 0.76 
TMPD87 714678 505197 861 245.00 245.01 87T077 2206.4 0.86 
TMPD87 714678 505195 858 248.20 248.21 87T078 2208.0 0.30 
TMPD87 714678 505193 855 252.50 252.51 87T079 2204.8 0.69 
TMPD87 714678 505192 852 255.40 255.41 87T080 2203.1 0.95 
TMPD87 714678 505190 849 258.60 258.61 87T081 2209.0 0.61 
TMPD87 714678 505189 847 261 .20 261.21 87T082 2195.0 3.24 
TMPD87 714678 505187 844 264.30 264.31 87T083 2194.1 1.85 
TMPD87 714678 505186 842 267.00 267.01 87T084 2194.9 1.32 
TMPD87 714678 505185 839 270.00 270.01 87T085 2194.1 2.99 
TMPD87 714678 505183 836 273.60 273.61 87T086 2193.9 1.23 
TMPD87 714678 505181 834 276.40 276.41 87T087 2195.5 2.20 
TMPD87 714678 505180 831 279.80 279.81 87T088 2193.1 2.06 
TMPD87 714678 505178 829 282.60 282.61 87T089 2195.2 2.43 
TMPD87 714678 505177 826 285.50 285.51 87T090 2191.6 0.94 
TMPD87 714678 505176 824 287.90 287.91 87T091 2194.4 1.53 
TMPD87 714678 505174 822 290.10 290.11 87T092 2195.8 2.28 
TMPD87 714678 505173 820 292.70 292.71 87T093 2196.4 1.78 
TMPD87 714678 505172 818 295.25 295.26 87T094 2193.4 2.61 
TMPD87 714678 505171 815 298.00 298.01 87T095 2195.5 1.22 
TMPD87 714678 505169 813 301.00 301 .01 87T096 2194.3 2.27 
TMPD87 714678 505166 807 307.35 307.36 87T098 2193.6 1.24 
TMPD87 714678 505164 805 310.25 310.26 87T099 2194.6 1.54 
TMPD87 714678 505155 788 329.10 329.11 87T105 2193.9 1.20 
TMPD87 714678 505149 777 341 .60 341.61 87T109 2193.4 1.36 
TMPD87 714678 505148 775 344.00 344.01 87T110 2192.9 1.55 
TMPD87 714678 505138 758 364.00 364.01 87T117 2191.4 0.96 
TMPD87 714678 505134 753 370.30 370.31 87T119 2195.8 1.06 
TMPD87 714678 505131 747 377.00 377.01 87T121 2192.7 1.34 
TMPD87 714678 505128 742 383.00 383.01 87T123 2193.7 1.16 
TMPD87 714678 505125 736 390.00 390.01 87T125 2204.9 0.56 
TMPD87 714678 505122 731 395.00 395.01 87T126 2206.6 0.59 
TMPD87 714678 505121 729 397.90 397.91 87T127 2207.5 0.69 
TMPD87 714678 505118 724 403.00 403.01 87T128 2208.2 0.84 
TMPD87 714678 505108 706 424.00 424.01 87T133 2196.0 1.26 
TMPD87 714678 505103 697 434.00 434.01 87T136 2195.6 0.94 
TMPD87 714678 505092 678 456.00 456.01 87T142 2203.7 0.65 
TMPD87 714678 505090 676 459.00 459.01 87T143 2206.3 0.58 
TMPD87 714678 505083 664 473.00 473.01 87T148 2202.9 0.41 
Appendix F2 F2-30 
Infrared spectral reflectance files, locations, calibration parameters and metal grade for the white mica sub-set 
Drill hole NORTH EAST R.L. FROM TO IRS-File v1,,1-vn-A SBW Cu Au As Pb Zn Mo Ag Hg 
metres metres metres metres metres nm ratio ppm ppm ppm ppm ppm ppm ppm ppm 
TMPD87 714678 505072 645 494.90 494.91 87T156 2205.7 0.89 
TMPD87 714678 505071 643 497.00 497.01 87T157 2205.4 0.83 
TMPD87 714678 505070 640 499.98 499.99 87T158 2206.3 0.63 
Legend for PIMA II Alteration Mineral Database 
Mineral 
al Al unite 
di Dias pore 
dk Dickite 
fc Fe-Chlorite 
gy Gypsum 
ha Halloysite 
it lllite 
k Kaolinite 
mm Montmorillonite 
mu Muscovite 
ph Pyrophyllite 
se Seri cite 
sm Smectite 
ze Zeolite 
Lithology 
DI Diorite 
la Andesite 
BX Breccia 
Lcz Saprolite 
Ep Epiclastic 
Tuffisite Tuffisite 
sec sericite-chlorite-
clay facies 
Examples 
Hcy-si( cs-mHBX) 
Hsi-cy (pla) 
Hsi(ms-fHBX) 
vuHsi(cs-mHBX) 
Occurrence 
BX Breccia 
cc Clay Clot 
ccs Clay Clot with Sulphide 
CL Breccia Clast 
CV Clay Vein 
CVS Clay Vein with Sulphide 
FLT Fault Gouge 
GM Ground mass 
HBX Hydrothermal Breccia 
PE Pervasive 
PH Phenocryst 
SEL Vein Selvedge 
vu Vug 
Textures General 
f fine-grained H Hydrothermal 
m medium-grained cy clay 
c coarse-grained si silica 
cs clast-supported fd feldspar 
ms matrix-supported hb hornblende 
p porphyritic intrusive 
vu vuggy VC volcanic 
c clotted 
Hydrothermal clay-silica (clay> silica) developed on a precursor clast-supported 
medium hydrothermal breccia 
Hydrothermal silica-clay (silica >clay) alteration of a porphyritic andesite 
Hydrothermal silica (> 90%) alteration of a precursor matrix-supported fine-grained 
hydrothermal breccia 
Vuggy hydrothermal silica alteration developed on a clast-supported medium-grained 
hydrothermal breccia 
Tmpd87 Tampakan Diamond-drillhole No. 87 
87T158 158th spectral file from drill hole Tm pd 87 

Drillhole From To LHhology 
TMPD02 013.00 013.01 pla 
TMPD02 013.00 013.01 pla 
TMPD02 016.00 016.01 Hey 
TMPD02 019.00 019.01 pla 
TMPD02 019.00 019.01 pla 
TMPD02 022.40 022.41 Hcy-si 
TMPD02 025.30 025.31 Hcy-si 
TMPD02 025.30 025.31 Hcy-si 
TMPD02 028.70 028.71 Hcy-si 
TMPD02 031.20 031 .21 ms-mHBX 
TMPD02 034.10 034.11 ms-mHBX 
TMPD02 037.40 037.41 Hcy-si 
TMPD02 040.00 040.01 Hsi-cy 
TMPD02 043.20 043.21 Hsi 
TMPD02 046.00 046.01 Hsi 
TMPD02 049.40 049.41 Hcy-si 
TMPD02 052.00 052.01 Hcy-si 
TMPD02 055.60 055.61 Hsi-cy 
TMPD02 058.50 058.51 Hsi 
TMPD02 061.50 061.51 Hsi 
TMPD02 064.50 064.51 Hsi 
TMPD02 066.50 066.51 Hsi-cy 
TMPD02 069.50 069.51 Hsi-cy 
TMPD02 072.00 072.01 Hcy-si 
TMPD02 075.00 075.01 Hcy-si 
TMPD02 078.00 078.01 Hcy-si 
TMPD02 081 .00 081 .01 Hcy-si 
TMPD02 084.00 084.01 Hcy-si 
TMPD02 087.30 087.31 Hcy-si 
TMPD02 090.00 090.01 Hcy-si 
TMPD02 093.00 093.01 Hcy-si 
TMPD02 096.30 096.31 Hcy-si 
TMPD02 099. 70 099. 71 Hcy-si 
TMPD02 103.00 103.01 Hcy-si 
TMPD02 106.00 106.01 Hcy-si 
TMPD02 109.00 109.01 Hcy-si 
TMPD02 112.00 112.01 Hcy-si 
TMPD02 115.00 115.01 Hcy-si 
TMPD02 118.00 118.01 Hsi-cy 
TMPD02 120.10 120.11 Hsi-cy 
TMPD02 123.00 123.01 Hcy-si 
TMPD02 126.20 126.21 Hsi-cy 
TMPD02 129.60 129.61 cHsi 
TMPD02 132.60 132.61 cHsi 
TMPD02 135.60 135.61 cHsi 
TMPD02 138.80 138.81 cHsi 
TMPD02 141 .80 141 .81 cHsi 
TMPD02 145.80 145.81 Hey 
TMPD02 149.40 149.41 Hey 
TMPD02 153.40 153.41 cHsi 
TMPD02 156.40 156.41 cHsi 
TMPD02 159.30 159.31 Hcy-si 
TMPD02 162.20 162.21 Hcy-si 
TMPD02 164.80 164.81 Hcy-si 
TMPD02 168.00 168.01 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Mln3 Mln4 Occurrence Comments 
fc GM Green (chloritic?) groundmass 
it PH White clay altered feldspar phenocrysts 
gy it fc PE Pervasive white clays 
fc GM Green (chloritic?) groundmass 
it PH White clay altered feldspar phenocrysts 
it fc PE White clays (partially oxidised) . 
fc GM Green (chloritic?) groundmass 
sm PH White clay altered feldspar phenocrysts 
gy sm fc PE White clays (weakly oxidised) 
it fc PE White clays (weakly oxidised) 
ph it PE White clay 
it PE White clay 
it fc PE Pale green-white clays 
sm PE Minor white-yellow clays in Hsi-cy 
it PE Minor white-yellow clays in Hsi-cy 
it PE Minor white-yellow clays in Hcy-si 
dk PE Minor white-yellow clays in Hsi-cy 
dk PE 
sm PE Greasy white-yellow clay spots in Hsi-cy 
it CV 1 mm white clay vein in Hsi 
it dk PE White-yellow clay 
dk PE lgy to lbn clays 
dk PE White-yellow clays 
it FLT White-yellow clays in fault breccia. 
dk it PE 
it dk PE 
dk FLT White clays in fault gouge. 
di dk PE Pervasive white clay alteration 
dk PE White clay 
dk PE 
dk PE White clay 
it cc White yellow clay clot in cHsi 
it PE White clays in Hcy-si 
dk PH White clay altered feldspar phenocrysts 
dk PE White-yellow clays 
it PE White clays 
it ph PE 
it PE 
it PE Pervasive white clay 
it ph dk PE Pervasive white clay 
ph di PE Pervasive white clay 
dk ccs Py-cc dissem. in partly leached clay clots. 
dk CV 1 mm light green-white clay vein in Hsi 
dk di ccs 1 mm light green-white clay vein in Hsi 
di dk cc Partly acid leached vuggy clay clot 
dk CV 1 mm white clay vein in Hsi 
dk di PE Fe-oxide staining due to pyrite oxidation. 
dk ccs Fmg chalcocite in acid-leached clay clots 
it di PE White-yellow clays in pyritic Hcy-si 
di dk PE 
dk ccs White cy clots (2-4mm) with malach. Sing 
dk PE 
it PE White-yellow clay alteration 
it PE White clays in fractured and oxidised Hey 
it PE White clays in fractured and oxidised Hey 
F3-1 
File 
2T001 
2T001 
2T002 
2T003 
2T003 
2T004 
2T005 
2T005 
2T006 
2T007 
2T008 
2T009 
2T010 
2T011 
2T012 
2T013 
2T014 
2T015 
2T016 
2T017 
2T018 
2T019 
2T020 
2T021 
2T022 
2T023 
2T024 
2T025 
2T026 
2T029 
2T027 
2T028 
2T030 
2T031 
2T032 
2T033 
2T034 
2T035 
2T036 
2T037 
2T038 
2T039 
2T040 
2T041 
2T042 
2T043 
2T044 
2T045 
2T046 
2T047 
2T048 
2T049 
2T050 
2T051 
2T052 
Drill hole From To Litholoav 
TMPD02 171 .00 171.01 Hsi-cy 
TMPD02 174.00 174.01 Hsi-cy 
TMPD02 177.00 177.01 Hsi-cy 
TMPD02 180.00 180.01 Hsi-cy 
TMPD02 183.00 183.01 Hsi-cy 
TMPD02 186.20 186.21 Hsi-cy 
TMPD02 189.20 189.21 ms-mHBX 
TMPD02 192.00 192.01 ms-mHBX 
TMPD02 195.00 195.01 pla 
TMPD02 198.00 198.01 pla 
TMPD02 201.70 201.71 pla 
TMPD02 205.00 205.01 pla 
TMPD02 208.10 208.11 pla 
TMPD02 208.10 208.11 pla 
TMPD02 211.30 211 .31 ms-mHBX 
TMPD02 214.30 214.31 pla 
TMPD02 217.00 217.01 pla 
TMPD02 217.00 217.01 pla 
TMPD02 219.50 219.51 pla 
TMPD03 006.50 006.51 pla 
TMPD03 014.90 014.91 Hcy(pla) 
TMPD03 014.90 014.91 Hcy(pla) 
TMPD03 016.90 016.91 pla 
TMPD03 016.90 016.91 pla 
TMPD03 019.70 019.71 pla 
TMPD03 023.00 023.01 Hcy(pla) 
TMPD03 025.50 025.51 Hcy(pla) 
TMPD03 028.80 028.81 pla 
TMPD03 028.80 028.81 pla 
TMPD03 031.55 031 .56 pla , 
TMPD03 031 .55 031 .56 pla 
TMPD03 034.00 034.01 pla 
TMPD03 034.00 034.01 pla 
TMPD03 037 .00 037 .01 pla 
TMPD03 037.00 037.01 pla 
TMPD03 040.00 040.01 ms-fHBX-L 
TMPD03 043.00 043.01 ms-fHBX-L 
TMPD03 047.00 047.01 Hcy-si(pla) 
TMPD03 050.00 050.01 Hsi-cy(pla) 
TMPD03 053.00 053.01 ipla 
TMPD03 055.00 055.Q1 Hsi-cy(pla) 
TMPD03 057.50 057.51 Hsi-cy{pla) 
TMPD03 060.00 060.01 Hsi-cy 
TMPD03 062.40 062.41 Hsi-cy 
TMPD03 064.20 064.21 Hsi-cy 
TMPD03 066.90 066.91 Hsi-cy 
TMPD03 068.70 068.71 ipla 
TMPD03 071 .00 071.01 ipla 
TMPD03 074.20 074.21 ipla 
TMPD03 077.00 077.01 ipla 
TMPD03 082.10 082.11 Hsi-cy 
TMPD03 085.00 085.Q1 Hsi-cy 
TMPD03 088.20 088.21 ipla 
TMPD03 091 .70 091.71 ipla 
TMPD03 091 .70 091 .71 ipla 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Mln3 Mln4 Occurrence Comments 
it PE White clays in Hcy-si alteration 
it PE White clays in Hcy-si alteration 
mu PE White clays in Hcy-si alteration 
se PE White clays in Hcy-si alteration 
se PE White clays in Hcy-si alteration 
it PE White clays in Hcy-si alteration 
mu PE White clays (partially oxid due to py oxid) 
it fc PE White-yellow clays 
it PE White clay in Hsi-cy alteration 
it le PE 
it gy le PE White clay 
it le PE White clay 
le GM Pale greeniJrey (chloritic?) groundmass. 
it PH White clay altered feldspar phenocrysts 
it PE White-yellow clays in Hey alteration 
it PE White-yellow clays in Hey alteration 
fc GM Green (chloritic?) groundmass 
it PH White clay altered feldspar phenocrysts 
it PE Pale green clays 
it GM Pale green aphanitic groundmass 
le GM Pale green matrix 
it PH White clay after feldspar 
le GM Pale green matrix 
it PH White clay after feldspar 
it PH White clays 
dk CV White clay vein 
gy it PE Creamy clays 
le GM Pale green (chloritic) 
it PH White clay after feldspar 
it PH White clays after tabular feldspar 
fc GM Pale green (chloritic) 
fc GM Pale green 
it PH White clays after tabular feldspar 
it PH White clay 
fc GM Pale green 
it fc , PE Green clays 
it PE White clays 
it gy PE White clays 
it PE Green clays 
it PE Green clays 
se PE White clays 
it PE White clays 
it gy PE White clays 
it CV White clays 
it PE White and cream clays 
se PE 
it PE 
it ph PE 
it PH White clay alt. after fd phenocrysts 
ph dk PE 
se PE White clays 
se PE 
it PH White clays after feldspar 
fc GM Pale green 
it PH White clays after feldspar 
F3-2 
Fiie 
2T053 
2T054 
2T055 
2T056 
2T057 
2T058 
2T059 
2T060 
2T061 
2T062 
2T063 
2T064 
2T065 
2T065 
2T066 
2T067 
2T068 
2T068 
2T069 
3T001 
3T002 
3T002 
3T003 
3T003 
3T004 
3T005 
3T006 
3T007 
3T007 
3T008 
3T008 
3T009 
3T009 
3T010 
3T010 
3T011 
3T012 
3T013 
3T014 
3T015 
3T016 
3T017 
3T018 
3T019 
3T020 
3T021 
3T022 
3T023 
3T024 
3T025 
3T026 
3T027 
3T028 
3T029 
3T029 
Drill hole From To Litholoay 
TMPD03 094.70 094.71 ipla 
TMPD03 096.80 096.81 Hsi-cy(pla) 
TMPD03 099.60 099.61 Hsi-cy(pla) 
TMPD03 101 .20 101.21 Hsi-cy(pla) 
TMPD03 104.00 104.01 Hsi-cy(pla) 
TMPD03 107.00 107.01 Hsi-cy(pla) 
TMPD03 110.00 110.01 Hsi-cy(pla) 
TMPD03 112.75 112.76 Hsi-cy(pla) 
TMPD03 115.60 115.61 Hcy-si 
TMPD03 118.80 118.81 Hcy-si(ms-mHBX-S) 
TMPD03 121 .25 121.26 Hcy-si(ms-mHBX-S) 
TMPD03 124.20 124.21 Hsi-cy(pla) 
TMPD03 126.80 126.81 Hsi-cy(pla) 
TMPD03 129.20 129.21 Hsi-cy(pla) 
TMPD03 131.20 131.21 Hsi-cy(pla) 
TMPD03 134.30 134.31 Hsi-cy(pla) 
TMPD03 137.00 137.01 Hsi-cy(pla) 
TMPD03 140.15 140.16 Hsi-cy(pla) 
TMPD03 143.00 143.01 Hsi-cy(pla) 
TMPD03 145.70 145.71 Hsi-cy(pla) 
TMPD03 148.40 148.41 cs-mHBX-S 
TMPD03 150.30 150.31 Hsi-cy(pla) 
TMPD03 153.20 153.21 Hsi-cy(pla) 
TMPD03 156.00 156.01 Hsi-cy(pla) 
TMPD03 159.00 159.01 Hsi-cy(pla) 
TMPD03 162.20 162.21 Hsi-cy(pla) 
TMPD03 164.25 164.26 Hsi-cy(pla) 
TMPD03 167.25 167.26 Hsi-cy(pla) 
TMPD03 169.85 169.86 Hcy-si 
TMPD03 172.20 172.21 Hsi-cy 
TMPD03 175.00 175.01 Hsi-cy 
TMPD03 178.00 178.01 Hsi-cy 
TMPD03 181.30 181 .31 Hsi-cy 
TMPD03 183.10 183.11 cHsi-cy 
TMPD03 185.95 185.96 cHsi-cy 
TMPD03 190.50 190.51 cHsi-cy 
TMPD03 193.25 193.26 cHsi-cy 
TMPD03 196.70 196.71 cHsi-cy 
TMPD03 198.80 198.81 cHsi-cy 
TMPD03 201.00 201 .01 cHsi-cy 
TMPD03 204.15 204.16 cHsi-cy 
TMPD03 207.30 207.31 cHsi-cy 
TMPD03 210.00 210.01 cHsi-cy 
TMPD03 213.15 213.16 cHsi-cy 
TMPD03 216.00 216.01 cHsi-cy 
TMPD03 219.20 219.21 cHsi-cy 
TMPD03 222.10 222.11 cHsi-cy 
TMPD03 225.60 225.61 cHsi-cy 
TMPD03 228.05 228.06 cHsi-cy 
TMPD03 231.50 231.51 cHsi-cy 
TMPD03 234.25 234.26 Hsi-cy 
TMPD03 236.40 236.41 Hsi-cy 
TMPD03 239.80 239.81 Hsi-cy 
TMPD03 243.40 243.41 Hsi-cy 
TMPD03 246.40 246.41 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Min3 Min4 Occurrence Comments 
it PH White clays after feldspar 
se PH Hsi 
se PE 
se FLT White fault gouge 
it PE Creamy clays 
se PE Creamy clays 
se PE Creamy clays 
se PE Creamy clays 
se ph PE Creamy clays 
ph se PE Creamy clays 
se PE White clays 
se PE White clays 
dk PE White clays 
ph se PE Cream clays 
ph se gy PE White clays 
ph PE Cream clays 
it PE Cream clays 
ph PE Cream clays 
ph di PE White clays 
ph di PE White clays 
ph se ccs Chalcocite? spots in creamy clay clots 
se ph PH White clay phenocrysts in Hsi 
ph di PH White clay phenocrysts in Hsi 
di ph PH White clay phenocrysts in Hsi 
ph se PH White clay phenocrysts in Hsi 
ph PE White clay phenocrysts in Hsi 
ph di PE White clays 
it cc White to cream clays 
ph se cc White to cream clays 
se PE White clays 
dk PE White clays 
se FLT White fault gouge 
se PE 
se cc Irregular 2-4mm clay clots 
di cc Yellowy clay clots in Hsi 
di ccs 
di ccs 2-3cm clay clots (trace py +cc?) 
it cc 
dk ccs Trace cc or en? 
di ccs 
se di ccs Trace cc or en? 
dk ccs Trace cc or en? 
se PE White clays 
se di cc 
se di ccs 1-3mm white clay clots in Hsi 
se di FLT White clayey fault gouge 
di se ccs Trace cc or en? 
di dk ccs Trace cc or en? 
dk FLT White fault gouge 
di ccs White clay clots (irregular) 
ph cc Coarse (0.5-1cm) clay clots 
se di cc 
se FLT White fault gouge 
dk FLT Pyritic clay clots 
mu PE Pale green spotted to clotted 
F3-3 
File 
3T030 
3T031 
3T032 
3T033 
3T034 
3T035 
3T036 
3T037 
3T038 
3T039 
3T040 
3T041 
3T042 
3T043 
3T044 
3T045 
3T046 
3T047 
3T048 
3T049 
3T050 
3T051 
3T052 
3T053 
3T054 
3T055 
3T056 
3T057 
3T058 
3T059 
3T060 
3T061 
3T062 
3T063 
3T064 
3T065 
3T066 
3T067 
3T068 
3T069 
3T070 
3T071 
3T072 
3T073 
3T074 
3T075 
3T076 
3T077 
3T078 
3T079 
3T080 
3T081 
3T082 
3T083 
3T084 
Drillhole From To Lithology 
TMPD03 248.80 248.81 Hsi-cy 
TMPD03 251 .30 251.31 Hsi-cy 
TMPD03 254.20 254.21 Hsi-cy 
TMPD03 257.20 257.21 Hsi-cy 
TMPD03 260.90 260.91 ms-fHBX-S 
TMPD03 263.75 263.76 Hsi-cy 
TMPD03 265.90 265.91 Hsi-cy 
TMPD03 267.90 267.91 Hsi-cy 
TMPD03 270.20 270.21 Hsi-cy 
TMPD03 273.50 273.51 Hsi-cy 
TMPD03 276.60 276.61 Hsi-cy 
TMPD03 279.00 279.01 Hsi-cy 
TMPD03 282.20 282.21 Hsi-cy 
TMPD03 284.40 284.41 Hsi-cy 
TMPD03 287.20 287.21 Hsi-cy 
TMPD03 290.40 290.41 Hsi-cy 
TMPD03 293.40 293.41 Hsi-cy 
TMPD03 296.20 296.21 Hsi-cy 
TMPD03 301.80 301.81 Hcy-si 
TMPD03 304.60 304.61 Hsi-cy 
TMPD03 307.10 307.11 Hsi-cy 
TMPD03 309.60 309,.61 Hsi-cy 
TMPD03 312.20 312.21 Hcy-si(pla) 
TMPD03 315.20 315.21 Hcy-si(pla) 
TMPD03 318.20 318.21 Hcy-si(pla) 
TMPD03 320.90 320.91 Hcy-si(pla) 
TMPD03 323.20 323.21 Hcy-si(pla) 
TMPD03 326.20 326.21 Hcy-si(pla) 
TMPD03 329.30 329.31 Hcy-si(pla) 
TMPD03 332.00 332.01 Hcy-si(pla) 
TMPD03 335.95 335.96 Hcy-si(pla) 
TMPD03 338.00 338.01 Hcy-si(pla) 
TMPD03 341.45 341 .46 HBX 
TMPD03 343.75 343.76 HBX 
TMPD03 347.85 347.86 HBX 
TMPD03 350.00 350.01 HBX 
TMPD03 354.00 354.01 HBX 
TMPD03 357.15 357.16 HBX 
TMPD03 360.20 360.21 HBX 
TMPD03 363.40 363.41 HBX 
TMPD03 366.30 366.31 HBX 
TMPD03 369.00 369.01 HBX 
TMPD03 372.20 372.21 iDI 
TMPD03 375.30 375.31 iDI 
TMPD03 377.90 377.91 iDI 
TMPD03 380.20 380.21 iDI 
TMPD03 383.00 383.01 Hcy-si(pla) 
TMPD03 386.00 386.01 iDI 
TMPD03 388.55 388.56 iDI 
TMPD03 390.70 390.71 iDI 
TMPD03 392.15 392.16 iDI 
TMPD03 395.00 395.01 iDI 
TMPD03 398.00 398.01 Hcy-si(pla) 
TMPD03 400.50 400.51 Hcy-si(pla) 
TMPD06 009.80 009.81 Lcz 
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Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ph FLT White fault gouge 
se di PE White clays 
se PE White clays 
se di PH White clay in Hsi (after feldspar?) 
se ph di FLT White fault gouge 
ph se ccs 
ph mu PE Pervasive cy with vfg dissem. pyrite 
ph PE 
ph HBX White clay matrix to mHBX 
ph it PE White clays 
ph PE White clays 
ph PE White clays 
ph dk cc White clays 
ph dk PE 
ph PE White clays 
ph se PE White clays 
ph dk PE White clays 
dk ph PE White clays 
dk gy PE Cream clays 
se FLT White clay fault gouge with gypsum veins 
se gy CV White clays 
dk ph FLT White clay fault gouge with gypsum veins 
ph se PE 
ph se PE 
ph PE 
gy ph PE White to cream clays 
ph gy PE Light brown to cream clays 
it gy PE Light green clays 
it PE 
it PE 
gy se PE Brown clays 
se PE 
gy it PE Pale light green to white clay 
se gy PE 
it PE 
it gy PE Cream and light brown clays 
se fc PE 
it PE Dark green to brown clays 
it PE Fawn coloured clays 
se PH White clay alteration of feldspar? 
fc gy it PE Brown and green clays 
fc gy PE 
fc it PE Diorite? (white and green clays) 
it le PE Diorite? (white and green clays) 
it PE Diorite? (white and green clays) 
it fc PE Diorite? (white and green clays) 
ph dk CV White clays 
ph dk PE White clays 
it PE White and green clays (Diorite) 
it PE White and green clays (Diorite) 
it PE White and green clays (Diorite) 
it PE 
it fc PE 
it PE 
it PE White to light grey clay 
F3-4 
File 
3T085 
3T086 
3T087 
3T088 
3T089 
3T090 
3T091 
3T092 
3T093 
3T094 
3T095 
3T096 
3T097 
3T098 
3T099 
3T100 
3T101 
3T102 
3T103 
3T104 
3T105 
3T106 
3T107 
3T108 
3T109 
3T110 
3T111 
3T112 
3T113 
3T114 
3T115 
3T116 
3T117 
3T118 
3T119 
3T120 
3T121 
3T122 
3T123 
3T124 
3T125 
3T126 
3T127 
3T128 
3T129 
3T130 
3T131 
3T132 
3T133 
3T134 
3T135 
3T136 
3T137 
3T138 
6T001 
Drillhole From To Litholoav 
TMPD06 012.20 012.21 cHsi-cy 
TMPD06 015.50 015.51 Hsi-cy 
TMPD06 018.20 018.21 cs-mHBX 
TMPD06 022.70 022.71 cHsi-cy 
TMPD06 025.25 025.26 cHsi-cy 
TMPD06 029.60 029.61 cHsi-cy 
TMPD06 032.60 032.61 cHsi-cy 
TMPD06 035.20 035.21 cHsi-cy 
TMPD06 038.80 038.81 cHsi-cy 
TMPD06 042.30 042.31 cHsi-cy 
TMPD06 045.40 045.41 Hsi-cy 
TMPD06 048.80 048.81 Hsi-cy 
TMPD06 051 .70 051.71 Hsi-cy 
TMPD06 055.00 055.01 Hcy-si 
TMPD06 058.50 058.51 Hcy-si 
TMPD06 061 .30 061 .31 Hcy-si 
TMPD06 064.00 064.01 Hey 
TMPD06 067.00 067.01 Hsi-cy 
TMPD06 070.00 070.01 Hcy-si 
TMPD06 073.00 073.01 Hcy-si 
TMPD06 076.60 076.61 Hcy-si 
TMPD06 079.30 079.31 Hcy-si 
TMPD06 083.00 083.01 Hcy-si 
TMPD06 086.30 086.31 Hcy-si 
TMPD06 090.10 090.11 pla 
TMPD06 093.10 093.11 pla 
TMPD06 096.60 096.61 ms-mHBX 
TMPD06 099.30 099.31 Hsi-cy 
TMPD06 102.30 102.31 pla 
TMPD06 105.30 105.31 pla 
TMPD06 108.60 108.61 Hcy-si 
TMPD06 111 .00 111 .01 pla 
TMPD06 114.00 114.01 pla 
TMPD06 117.00 117.01 pla 
TMPD06 121.00 121 .01 Hsi-cy 
TMPD06 124.10 124.11 Hsi-cy 
TMPD06 127.50 127.51 Hsi-cy 
TMPD06 130.50 130.51 Hsi-cy 
TMPD06 133.50 133.51 Hsi-cy 
TMPD06 140.00 140.01 pla 
TMPD06 143.70 143.71 Hey 
TMPD06 147.00 147.01 Hey 
TMPD06 150.00 150.01 Hey 
TMPD06 153.00 153.01 Hey 
TMPD06 156.00 156.01 Hey 
TMPD06 159.00 159.01 pla 
TMPD06 162.30 162.31 pla 
TMPD06 165.40 165.41 Hsi-cy 
TMPD06 168.80 168.81 Hsi-cy 
TMPD06 171 .30 171 .31 ms-mHBX 
TMPD06 174.40 174.41 ms-mHBX 
TMPD06 177.50 177.51 Hcy-si 
TMPD06 180.00 180.01 Hcy-si 
TMPD06 183.00 183.01 ms-mHBX 
TMPD06 186.50 186.51 Hcv-si 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Mln3 Mln4 Occurrence Comments 
ph dk PE White clays in Hcy-si 
dk PE 
dk CV 3mm white clay vein in Hsi-cy 
dk CV 1 mm white clay vein in Hsi-cy 
ph se cc Irregular to spotty CC in cHsi-cy 
dk di cc 
dk di PE White clay spots in Hsi-cy 
di dk PE White clay spots in Hsi-cy 
ph di ccs 3-4mm irreg cy clots with int. diss. sulp. 
dk ccs 3-4mm irreg cy clots with int. diss. sulp. 
di ph dk PE White clays 
ph dk di PE White clays 
di ph di PE White clay spots in Hsi-cy 
ph di PE White clay spots in Hsi-cy 
se ph PE White clays 
ph se PE White clays 
ph it PE White clays 
dk FLT Puggy white fault gouge 
ph it PE White plus light green clays 
ph it dk FLT Puggy white fault gouge 
se PE White clays 
se PE White clays in Hsi-cy alteration 
it PE Light yellow clay alteration 
se PE Light yellow clay alteration 
it PE 
it PE 
se PE Light yellow clay alteration 
it dk PE White to light yellow clay in Hcy-si alt. 
it PE White to light yellow clay in Hcy-si alt. 
se PH White to light yellow clays 
it PE White to light yellow clays 
it k PH White to light yellow clays 
it PE White to light yellow clays 
mu PE White to light yellow clays 
it PE White to light yellow clays 
se ph PE White to light yellow clays 
se ph PE White clay in Hsi-cy 
it PE White clay in Hsi-cy 
se PE White clay in Hsi-cy 
it PE 
ph PE 
it PE White to light yellow clays in Hcy-si alt. 
it PE White to light yellow clays in Hcy-si alt. 
ph PE White to light yellow clays in Hcy-si alt. 
it PE White to light yellow clays in Hcy-si alt. 
it PE White clay 
se PE White to light green clay 
ph it di PE White clay in Hsi-cy 
it di ph PE White clay in Hcy-si altered la 
it BX White clay matrix to ms-fHBX 
it PE 
ph di PE 
mu PE Pervasive white to light yellow clays 
it BX Clay matrix to ms-fHBX 
it PE Light yellow clav 
F3-5 
File 
6T002 
6T003 
6T004 
6T005 
6T006 
6T007 
6T008 
6T009 
6T010 
6T011 
6T012 
6T013 
6T014 
6T015 
6T016 
6T017 
6T018 
6T019 
6T020 
6T021 
6T022 
6T023 
6T024 
6T025 
6T026 
6T027 
6T028 
6T029 
6T030 
6T031 
6T032 
6T033 
6T034 
6T035 
6T036 
6T037 
6T038 
6T039 
6T040 
6T042 
6T043 
6T044 
6T045 
6T046 
6T047 
6T048 
6T049 
6T050 
6T051 
6T052 
6T053 
6T054 
6T055 
6T056 
6T057 
Drlllhole From To Litholonv 
TMPD06 190.00 190.01 Hsi-cy 
TMPD06 193.20 193.21 Hsi-cy 
TMPD06 196.25 196.26 cHsi-cy 
TMPD06 199.60 199.61 cHsi-cy 
TMPD06 202.70 202.71 cHsi-cy 
TMPD06 205.90 205.91 cHsi-cy 
TMPD06 208.30 208.31 cHsi-cy 
TMPD06 211 .00 211.01 Hsi-cy 
TMPD06 214.50 214.51 Hsi-cy 
TMPD06 217.50 217.51 Hsi-cy 
TMPD06 221 .00 221.01 Hsi-cy 
TMPD06 224.50 224.51 Hsi-cy 
TMPD06 228.30 228.31 Hsi-cy 
TMPD06 231 .50 231.51 Hcy-si 
TMPD06 234.50 234.51 Hcy-si 
TMPD06 237.80 237.81 Hcy-si 
TMPD06 240.80 240.81 Hcy-si 
TMPD06 244.10 244.11 ms-mHBX 
TMPD06 247.10 247.11 ms-mHBX 
TMPD06 250.10 250.11 Hcy-si 
TMPD06 252. 70 252. 71 cHsi-cy 
TMPD06 255. 70 255. 71 Hsi-cy 
TMPD06 258.80 258.81 cHsi-cy 
TMPD06 261.90 261.91 cHsi-cy 
TMPD06 265.20 265.21 cHsi-cy 
TMPD06 268.20 268.21 cHsi-cy 
TMPD06 271.80 271 .81 cHsi-cy 
TMPD06 275.00 275.01 Hsi-cy 
TMPD06 278.30 278.31 Hsi-cy 
TMPD06 281.30 281.31 Hsi-cy 
TMPD06 284.30 284.31 Hsi-cy 
TMPD06 287.30 287.31 Hsi-cy 
TMPD06 290.90 290.91 cHsi-cy 
TMPD06 293.90 293.91 cHsi-cy 
TMPD06 297.00 297.01 cHsi-cy 
TMPD06 300.00 300.01 cHsi-cy 
TMPD06 303.00 303.01 cHsi-cy 
TMPD06 306.00 306.01 cHsi-cy 
TMPD06 308.50 308.51 cHsi-cy 
TMPD06 311.20 311.21 cHsi-cy 
TMPD06 315.00 315.01 Hcy-si 
TMPD06 318.00 318.01 Hcy-si 
TMPD06 321 .00 321.01 Hcy-si 
TMPD06 324.30 324.31 Hcy-si 
TMPD06 327.30 327.31 Hcy-si 
TMPD06 330.30 330.31 Hcy-si 
TMPD06 333.90 333.91 Hcy-si 
TMPD06 337.00 337.01 Hcy-si 
TMPD06 340.90 340.91 Hcy-si 
TMPD06 344.70 344. 71 Hcy-si 
TMPD06 348.00 348.01 Hcy-si 
TMPD06 351 .00 351.01 Hcy-si 
TMPD06 354.80 354.81 Hcy-si 
TMPD06 358.00 358.01 Hcy-si 
TMPD06 361.00 361 .01 ms-mHBX 
Appendix F3 
Tampakan PIMA II database 
Min1 Mln2 Mln3 Min4 Occurrence Comments 
ii PE While clay in Hsi-cy 
dk ccs Wh lo L.YI cy clot with diss. py +/-cc? 
ph se ccs Wh lo L.YI cy clot with diss. py +/-cc? 
ph dk PE While clay with trace malachite 
se ccs White cy clot with diss. oxid . malachite 
mu cc While clays in cHsi-cy 
ph mu cc 
se PE While clay in Hsi-cy 
mu PE White clay in Hsi-cy 
mu PE White clay in Hsi-cy 
se di PE While cys with diss. vfg malachite 
mu PE White clay in Hsi-cy 
mu PE White clay in Hsi-cy 
mu PE While clay in Hsi-cy 
mu PE While clay in Hsi-cy 
mu PE While clay in Hsi-cy 
ph di se PE White clay in Hsi-cy 
ii fc PE White lo light yellow clays 
mu FLT Puggy clay fault gouge 
mu PE While clay in Hsi-cy 
mu cc 2-4mm while cy clot with irreg. margins 
ph PE 
di ccs 2-4mm pitted wh cy clots (vfg diss. py-mc) 
mu di ccs 2-4mm pitted wh cy clots (vfg diss. py-mc) 
ph di se PE While clay spots in Hsi-cy 
ph di ccs Pyrite disseminated in pitted clay clots 
mu ph PE 
dk CV 1 mm white clay vein in Hsi-cy alteration. 
mu ph PE While clays in Hsi-cy 
mu PE White clays in Hsi-cy 
ph dk PE 
ph di PE 
ph di ccs While clays in irregular clay clots (Ire cc?) 
ph di ccs lrreg. while cy clots with diss. sulp. 
ph PE White clays 
ph PE White clays 
dk CV 1 mm while clay vein in Hsi-cy alteration 
dk CV 1 mm while clay vein in Hsi-cy alteration 
di ph ccs Pyrite diss. in pitted cy clots in cHsi-cy 
mu ph PH Clay altered feldspar phenocrysls in Hsi-cy 
ph PE While clays in Hsi-cy 
ph mu di PE While clays in Hsi-cy 
ph dk PE While clays in Hsi-cy 
ph dk PE While clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
se ph PE While clays in Hsi-cy 
mu PE While clays in Hsi-cy 
ph se di PE While clays in Hsi-cy 
ph dk PE While clays 
mu ccs Diss.py + me in irreg. 2-4 mm cy clots 
mu PE 
dk CV 1 mm while clay vein 
mu PH While clay all. fd pheno. in Hsi-cy 
mu ph PE White clays in Hsi-cy 
ay PE Yellow brown clavs 
F3-6 
File 
6T058 
6T059 
6T060 
6T061 
6T062 
6T063 
6T064 
6T065 
6T066 
6T067 
6T068 
6T069 
6T070 
6T071 
6T072 
6T073 
6T074 
6T075 
6T076 
6T077 
6T078 
6T079 
6T080 
6T081 
6T082 
6T083 
6T084 
6T085 
6T086 
6T087 
6T088 
6T089 
6T090 
6T091 
6T092 
6T093 
6T094 
6T095 
6T096 
6T097 
6T098 
6T099 
6T100 
6T101 
6T102 
6T103 
6T104 
6T105 
6T106 
6T107 
6T108 
6T109 
6T110 
6T111 
6T112 
Drillhole From To Litholo11v 
TMPD06 364.00 364.01 iDI 
TMPD06 367.50 367.51 iDI 
TMPD06 370.55 370.56 iDI 
TMPD06 374.00 374.01 iDI 
TMPD06 374.00 374.01 iDI 
TMPD06 377.50 377.51 iDI 
TMPD06 377.50 377.51 iDI 
TMPD06 380.60 3S0.61 iDI 
TMPD06 3S3.SO 3S3.S1 iDI 
TMPD06 3S7.30 3S7.31 iDI 
TMPD06 390.00 390.01 Hcy-si 
TMPD06 393.60 393.61 Hcy-si 
TMPD06 396.60 396.61 iDI 
TMPD06 400.00 400.01 iDI 
TMPD06 403.00 403.01 iDI 
TMPD06 403.00 403.01 iDI 
TMPD06 406.00 406.01 iDI 
TMPD06 409.50 409.51 iDI 
TMPD06 412.70 412.71 iDI 
TMPD06 415.70 415.71 iDI 
TMPD06 41S.20 41S.21 iDI 
TMPD06 420.15 420.16 iDI 
TMPDOS 013.15 013.16 Lfz 
TMPDOS 019.30 019.31 Lfz 
TMPDOS 025.45 025.46 Lfz 
TMPDOS 02S.65 028.66 Lfz 
TMPDOS 032.20 032.21 ms-mHBX 
TMPDOS 036.65 036.66 Hcy-si 
TMPDOS 040.20 040.21 Hcy-si 
TMPDOS 043.25 043.26 Hcy-si 
TMPDOS 046.50 046.51 Hcy-si 
TMPDOS 050.00 050.01 pla 
TMPDOS 053.30 053.31 Hey 
TMPDOS 057.40 057 .41 Hey 
TMPDOS 061.40 061.41 pla 
TMPDOS 064.40 064.41 pla 
TMPDOS 067.60 067.61 pla 
TMPDOS 070.70 070.71 pla 
TMPDOS 074.1 0 074.11 Hsi-cy 
TMPDOS 077.10 077.11 Hsi-cy 
TMPDOS 080.60 080.61 Hsi-cy 
TMPDOS OS0.60 OS0.61 Hsi-cy 
TMPDOS 084.90 084.91 Hsi-cy 
TMPDOS OS7 .35 OS7 .36 Hsi-cy 
TMPDOS 091.1 5 091.16 Hsi-cy 
TMPDOS 095.55 095.56 Hsi-cy 
TMPDOS 099.95 099.96 Hsi-cy 
TMPDOS 099.95 099.96 Hsi-cy 
TMPDOS 103.50 103.51 Hsi-cy 
TMPDOS 107.40 107.41 Hsi-cy 
TMPDOS 110.SS 110.86 Hcy-si 
TMPDOS 113.30 113.31 cs-mHBX 
TMPDOS 131.60 131.61 Hsi 
TMPDOS 16S.75 16S.76 Hcy-si 
TMPDOS 171 .30 171 .31 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it PH White cy alteration of fd . phenocrysts 
it PH White cy alteration of fd . phenocrysts 
it PE 
fc GM Green chloritic? groundmass 
it PH White cy alteration of fd. phenocrysts 
fc GM Green chloritic? groundmass 
it PH White cy alteration of fd . phenocrysts 
it fc PE White plus green clays 
gy PE White plus green clays 
gy PE White plus green clays 
it fc PE White clays 
it gy PE White clays 
it PE White clays 
it PE White clays 
fc GM Green chioritic? groundmass 
it PH White cy alteration of fd. phenocrysts 
it fc PE Green plus white clays 
it fc PE Green plus white clays 
se PE Green plus white clays 
fc PE Green plus white clays 
it gy PE Strongly pyritic white clay 
it PE Strongly pyritic white clay 
it PH White cy alt. pheno. in weath. zone 
it k PE Mottled white plus purple clay in saprolite 
it k PE White clays in saprolite 
it k PE White clays in saprolite 
it PE Creamy yellow clays in oxidised Hey 
it PE White clays 
se PE Light grey clays in Hey 
it PH White to yellow clay altered phenocrysts 
it PE White to yellow clay altered phenocrysts 
it PH White cy alt fd phenos in pla 
gy it PE Light grey clays 
it PE 
it PH White cy alt fd phenos in pla 
it PE 
it PH White cy alt fd phenos in pla 
it PH White cy alt fd phenos in pla 
it PE White clays in Hcy-si alteration 
it PH White cy alt fd phenos in pla 
fc GM 
it PH 
it fc PH White clays 
it PE 
it PE 
it fc PH White clays 
fc PH White clays 
it GM Green chlorite? 
it fc PH Yellow-white clays after feldspar 
it fc PE 
dk PE White clays 
dk PH White clays in Hsi-cy 
it CV Trace white clays in Hsi 
dk CV 1 mm white clay vein 
dk ph CV 1 mm white clay vein 
F3-7 
File 
6T113 
6T114 
6T115 
6T116 
6T1 16 
6T117 
6T1 17 
6T11S 
6T119 
6T120 
6T121 
6T122 
6T123 
6T124 
6T125 
6T125 
6T127 
6T126 
6T12S 
6T1 29 
6T130 
6T131 
ST001 
ST002 
ST003 
ST004 
STOOS 
ST006 
ST007 
STOOS 
ST009 
ST010 
ST011 
ST012 
ST013 
ST014 
ST015 
ST016 
ST017 
ST01S 
ST019 
ST019 
ST020 
ST021 
ST022 
ST023 
ST024 
ST024 
ST025 
ST026 
ST027 
ST02S 
ST029 
ST030 
ST031 
Drill hole From To Litholoov 
TMPD08 174.45 174.46 Hsi-cy 
TMPD08 177.25 177.26 Hsi-cy 
TMPD08 181.20 181.21 Hcy-si 
TMPD08 184.50 184.51 Hcy-si 
TMPD08 188.20 188.21 Hcy-si 
TMPD08 190.90 190.91 Hcy-si 
TMPD08 192.85 192.86 cs-mHBX 
TMPD08 196.50 196.51 Hcy-si 
TMPD08 200.85 200.86 Hcy-si 
TMPD08 207.45 207.46 Hcy-si 
TMPD08 210.80 210.81 Hcy-si 
TMPD08 214.90 214.91 Hcy-si 
TMPD08 218.80 218.81 Hcy-si 
TMPD08 222.00 222.01 pla 
TMPD08 225.00 225.01 pla 
TMPD08 228.00 228.01 Hcy-si 
TMPD08 230.60 230.61 pla 
TMPD08 234.30 234.31 pla 
TMPD08 237.40 237.41 Hey 
TMPD08 241.00 241.01 Hcy-si 
TMPD08 245.00 245.01 Hcy-si 
TMPD08 248.20 248.21 Hcy-si 
TMPD08 250.90 250.91 Hsi-cy 
TMPD08 254.00 254.01 Hsi-cy 
TMPD08 257.40 257 .41 pla 
TMPD08 260.00 260.01 pla 
TMPD08 260.00 260.01 pla 
TMPD08 264.00 264.01 Hcy-si 
TMPD08 266. 75 266. 76 Hcy-si 
TMPD08 273.00 273.01 pla 
TMPD08 276. 70 276. 71 pla 
TMPD08 278.30 278.31 Hcy-si 
TMPD08 281 .50 281 .51 Hcy-si 
TMPD08 284.80 284.81 Hcy-si 
TMPD08 287.80 287.81 Hcy-si 
TMPD08 291.25 291.26 Hcy-si 
TMPD08 293.80 293.81 Hcy-si 
TMPD08 295.75 295.76 Hcy-si 
TMPD08 298.75 298.76 Hcy-si 
TMPD08 302.00 302.01 Hcy-si 
TMPD08 305.25 305.26 Hcy-si 
TMPD08 308.20 308.21 Hcy-si 
TMPD08 311 .70 311.71 pla 
TMPD08 314.70 314.71 pla 
TMPD08 318.20 318.21 pla 
TMPD08 321 .40 321.41 pla 
TMPD08 325.00 325.01 pla 
TMPD08 327 .50 327 .51 pla 
TMPD08 330.50 330.51 pla 
TMPD08 334.50 334.51 Hsi-cy 
TMPD08 338.30 338.31 Hsi-cy 
TMPD08 341 .20 341 .21 Hsi-cy 
TMPD08 344.55 344.56 Hsi-cy 
TMPD08 347.65 347.66 pla 
TMPD08 350.45 350.46 Hey-Si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ph di cc 2-3mm waxy light green clay clot 
di ph PH White clays after feldspar phenocrysts 
di ph CV 1 mm waxy light green clay vein 
ph PE White clays 
ph dk CV 1 mm white clay vein 
dk ph PE Creamy yellow clays 
ph CV 1 mm white clay vein 
ph dk CV 1 mm white clay vein 
ph dk CV 1 mm white clay vein 
ph PE Light cream clays 
ph dk PE Light brown clays 
mu PE Creamy yellow clays in Hcy-si 
se ph PE 
se PE Creamy yellow clays in Hcy-si 
it PE Creamy yellow clays in Hcy-si 
dk CV 1-2mm white clay in clay vein 
gy it fc PE Light grey plus green clays ( chloritic??) 
it fc PE Dark green clays ( chloritic) 
it fc PE 
ph se PE 
di PE Light cream clays in clay breccia 
dk ph di PE White clay 
mu PH White cy alt. fd pheno. in silic.la g/mass 
se PH White cy alt. fd pheno. in silic.la g/mass 
it fc PE 
it PH Waxy yellow clay after feldspar 
fc GM Green chloritic? g/mass. 
ph PE 
ph PE Light brown and cream clays 
it PE 
it fc PE 
it fc PE Green clays 
se fc PE White clays 
ph it PE 
ph dk PE White clays 
it PE 
se PE 
dk CV 1 mm white clay vein 
se PH White clay altered feldspar phenocryst 
dk CV 1-2mm waxy white clay vein 
gy PE 
se PE 
it ph PE White clays in Hsi-cy 
gy PE Yellow-white clays 
it PE Dark green chlorite?? alteration 
it fc PE Dark green chlorite?? alteration 
se FLT White puggy fault gouge 
ph se PE Dark green chlorite?? alteration 
se PH White cy alt. fd pheno. in silic.la g/mass 
ph dk FLT White clays in fault gouge 
ph dk CV 0.5mm fine clay vein 
dk CV 2mm white clay vein 
ph PE 
se fc PE Green clays 
se PE Cream to yellow clavs 
F3-8 
File 
8T032 
8T033 
8T034 
8T035 
8T036 
8T038 
8T037 
8T039 
8T040 
8T041 
8T042 
8T043 
8T044 
8T045 
8T046 
8T047 
8T048 
8T049 
8T050 
8T051 
8T052 
8T053 
8T054 
8T055 
8T056 
8T057 
8T057 
8T058 
8T059 
8T060 
8T061 
8T062 
8T063 
8T064 
8T065· 
8T066 
8T067 
8T068 
8T069 
8T070 
8T071 . 
8T072 
8T073 
8T074 
8T075 
8T076 
8T077 
8T078 
8T079 
8T080 
8T081 
8T082 
8T083 
8T084 
8T085 
Drill hole From To Litholoav 
TMPDOB 353. 70 353. 71 Hcy-si 
TMPDOB 356.90 356.91 Hcy-si 
TMPDOB 360.00 360.01 Hcy-si 
TMPDOB 363.65 363.66 Hcy-si 
TMPDOB 368.00 368.01 Hcy-si 
TMPDOB 371.20 371.21 Hcy-si 
TMPDOB 374.45 374.46 pla 
TMPDOB 377 .20 377 .21 Hcy-si 
TMPDOB 380.55 380.56 Hcy-si 
TMPDOB 384.40 384.41 Hcy-si 
TMPDOB 387.40 387.41 Hcy-si 
TMPDOB 390.20 390.21 pla 
TMPDOB 393.20 393.21 pla 
TMPDOB 397.70 397.71 Hsi-cy 
TMPDOB 400.65 400.66 pia 
TMPDOB 404.20 404.21 pla 
TMPDOB 410.75 410.76 Hcy-si 
TMPDOB 414.50 414.51 pla 
TMPDOB 417.20 417.21 pla 
TMPDOB 421 .50 421 .51 pla 
TMPDOB 424.50 424.51 pia 
TMPDOB 428.55 428.56 pla 
TMPDOB 432.00 432.01 Hcy-si 
TMPDOB 435.85 435.85 pla 
TMPDOB 439.60 439.61 pla 
TMPDOB 443.30 443.31 pla 
TMPDOB 447.10 447.11 Hsi-cy 
TMPDOB 450.10 450.11 pla 
TMPDOB 453.50 453.51 Hsi-cy 
TMPDOB 456.70 456.71 Hsi-cy 
TMPDOB 459.80 459.81 Hcy-si(pDI) 
TMPDOB 463.20 463.21 Hcy-si(pDI) 
TMPDOB 467 .20 467 .21 Hcy-si(pDI) 
TMPDOB 471.00 471.01 Hcy-si(pDI) 
TMPDOB 474.40 474.41 Hcy-si(pDI) 
TMPDOB 477.90 477.91 Hcy-si(pDI) 
TMPDOB 480.70 480.71 la 
TMPDOB 484.40 484.41 la 
TMPDOB 487.30 487.31 la 
TMPDOB 490.30 490.31 la 
TMPDOB 494.40 494.41 la 
TMPDOB 497.95 497.96 la 
TMPDOB 501.10 501 .11 pDI 
TMPDOB 504.30 504.31 la 
TMPDOB 508.50 508.51 la 
TMPDOB 512.45 512.46 Hcy-si(la) 
TMPDOB 515.45 515.46 Hcy-si(la) 
TMPDOB 519.75 519.76 Hcy-si(la) 
TMPDOB 523.40 523.41 Hcy(pDI) 
TMPDOB 527.80 527.81 Hcy(pDI) 
TMPDOB 530.15 530.16 Hcy(pDI) 
TMPDOB 533.60 533.61 Hcy(pDI) 
TMPDOB 536.60 536.61 Hcy(pDI) 
TMPDOB 539.80 539.81 pDI 
TMPDOB 539.80 539.81 pDI 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
se ph PE White clays 
ph dk PE 
ph PE White and light brown cy plus gyp vns 
ph PE Yellow to white clays 
it PE 
gy it PE 
it CV Irregular infilling white clay veins 
se PE 
gy PE Yellow white clays 
se PE 
gy PE 
se PE White to waxy light green clays 
se gy PE White clay 
gy CV 1 mm white clay vein 
se gy PE 
it PE 
mu PH White clay altered feldspar phenocrysts 
se fc PE White plus green clays 
se PE White clays in Hsi-cy 
mu fc PE Green clays 
se fc PE Dark green and white clays 
mu PE White clays 
mu PE White clays 
it fc PE 
it PH Creamy yellow clays after feldspar 
it PE 
it PE 
it PE 
mu fc PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
se fc PE Gypsum veining 
gy it fc PE 
it PE 
it fc PE Light brown mottled massive clays 
it PE 
gy it PE White clays after feldspar in DI? 
gy it PE 
gy fc PE Green clays. Trace cpy along fractures 
fc PE Green clays 
fc gy PE 
fc PE Dark green clays (chloritic??) 
gy fc PE 
se gy PH Clay alt. Id pheno. in pre-mineral. DI 
gy fc PE 
se le PE 
mu PE White plus light grn cy OP by gyp vns 
se PE Light brown clays 
se fc PE 
se fc PE 
gy PE 
gy se le PE Chlor? alt. with trc cpy smears on tracts 
it le PE 
se PE Cross-cut by gypsum veins 
fc GM Chlor. +/-epid.? (dk gm and lime gm) 
it PH White clays after feldspar 
F3-9 
File 
8T086 
8T087 
STOBB 
8T089 
8T090 
8T091 
8T092 
8T093 
8T094 
8T095 
8T096 
8T097 
8T098 
8T099 
8T100 
8T101 
8T102 
8T103 
8T104 
8T105 
8T106 
8T107 
8T108 
8T109 
8T110 
8T111 
8T112 
8T113 
8T114 
8T115 
8T116 
8T117 
8T118 
8T119 
8T120 
8T121 
8T122 
8T123 
8T124 
8T125 
8T126 
8T127 
8T128 
8T129 
8T130 
8T131 
8T132 
8T133 
8T134 
8T135 
8T136 
8T137 
8T138 
8T139 
8T139 
Drill hole From To Lltholoav 
TMPD08 543.35 543.36 la 
TMPD08 547.40 547.41 la 
TMPD08 551.25 551 .26 la 
TMPD08 554.40 554.41 la 
TMPD08 557.70 557.71 DI 
TMPD08 560.50 560.51 DI 
TMPD08 560.50 560.51 DI 
TMPD08 564.10 564.11 DI 
TMPD08 567.20 567.21 DI 
TMPD08 570.75 570.76 DI 
TMPD08 573.75 573.76 DI 
TMPD08 573.75 573.76 DI 
TMPD08 577.15 577.16 DI 
TMPD08 581.00 581.01 DI 
TMPD08 581 .00 581.01 DI 
TMPD08 584.80 584.81 DI 
TMPD08 588.00 588.01 DI 
TMPD08 591 .00 591.01 DI 
TMPD08 591 .00 591 .01 DI 
TMPD08 593.80 593.81 DI 
TMPD08 593.80 593.81 DI 
TMPD08 599.95 599.96 DI 
TMPD11 010.80 010.81 pla 
TMPD11 014.85 014.86 pla 
TMPD11 017.75 017.76 pla 
TMPD11 017.75 017.76 pla 
TMPD11 019.55 01g_56 pla 
TMPD11 022.35 022.36 pla 
TMPD11 025.35 025.36 ms-cBX 
TMPD11 028.60 028.61 ms-cBX 
TMPD11 031.60 031.61 ms-cBX 
TMPD11 035.20 035.21 ms-cBX 
TMPD11 038.20 038.21 ms-cBX 
TMPD11 041 .10 041 .11 pla 
TMPD11 043.20 043.21 pla 
TMPD11 046.30 046.31 pla 
TMPD11 046.30 046.31 pla 
TMPD11 049.30 049.31 pla 
TMPD11 052.00 052.01 pla 
TMPD11 055.30 055.31 ms-cBX 
TMPD11 055.30 055.31 ms-cBX 
TMPD11 058.75 058.76 ms-cBX 
TMPD11 061 .00 061 .01 ms-cBX 
TMPD11 067.30 067.31 ms-cBX 
TMPD11 070.30 070.31 ms-cBX 
TMPD11 073.00 073.01 ms-cBX 
TMPD11 076.00 076.01 ms-cBX 
TMPD11 079.00 079.01 Hcy-si 
TMPD11 081.00 081 .01 Hcy-si 
TMPD11 084.00 084.01 pla 
TMPD11 084.00 084.01 pla 
TMPD11 087 .00 087 .01 pla 
TMPD11 090.00 090.01 pla 
TMPD11 093.00 093.01 pla 
TMPD11 096.30 096.31 pla 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Min3 Min4 Occurrence Comments 
se fc PE 
fc gy PE Green 
gy fc PE 
gy fc PE 
gy fc PE Green 
fc GM Pale green (chloritic??) 
it PH White clays after feldspar 
mu PE 
se PE 
se PE 
fc GM Chloritic?? 
it PH Clay alt. fd in pre-mineral. DI 
gy se PE 
fc GM Chloritic?? 
it PH Clay alt. fd in pre-mineral. DI 
gy fc PE 
gy fc PE Cross-cut by extensive gyp vng 
fc GM Chloritic +/- epidote (tre). 
gy PE Clay alt. fd in pre-mineral. DI 
fc GM Chloritic +/- epidote (Ire). 
it PH Clay alt. fd in pre-mineral. DI 
gy fc PE Green plus white cy (trace diss. cpy). 
sm fc k PE 
sm PE 
fc GM Green groundmass 
sm PH White cy-altered feldspar phenocrysts 
sm PH White cy-altered feldspar phenocrysts 
sm PH White cy-altered feldspar phenocrysts 
it PH White cy-altered feldspar phenocrysts 
sm fc PE Green clays 
sm gy PE 
sm fc PE Pale green clays (chloritic?) 
sm fc PE Pale green clays (chloritic?) 
sm fc PE Pale green clays (chloritic?) 
gy fc PE Pale green clays (chloritic?) 
fc GM Pale green pla groundmass. 
sm PH White cy-altered feldspar phenocrysts 
sm PE 
it fc PE Yellow clays in Hey 
fc GM Pale green pla groundmass. 
sm PH White cy-altered feldspar phenocrysts 
sm PE White to pale yellow clays 
sm PH White cy-altered feldspar phenocrysts 
sm PE Pale green pla with cy-alt fd pheno. 
sm PE Pale green pla with cy-alt fd pheno. 
sm PH Pale green clay-alt fd pheno. 
sm PE 
gy it fc PE Dark green clays 
sm PE Dark green clays 
fc · GM Dark green-grey vfg g/mass to pla. 
sm PH Pale waxy green clay-alt fd pheno 
sm PH Pale waxy green clay-alt fd pheno 
sm PH Pale waxy green clay-alt fd pheno 
sm fc PE Green clays (chloritic?) 
sm PE Green clays (chloritic?) 
F3-10 
File 
8T140 
8T141 
8T142 
8T143 
8T144 
8T144 
8T145 
8T146 
8T147 
8T148 
8T148 
8T149 
8T150 
8T150 
8T151 
8T152 
8T153 
8T153 
8T154 
8T154 
8T155 
11T001 
11T002 
11T003 
11T003 
11T004 
11T005 
11T006 
11T007 
11T008 
11T009 
11T010 
11T011 
11T012 
11T013 
11T013 
11T014 
11T015 
11T016 
11T016 
11T017 
11T018 
11T020 
11T021 
11T022 
11T023 
11T024 
11T025 
11T026 
11T026 
11T027 
11T028 
11T029 
11T030 
Drillhole From To Lithology 
TMPD11 099.75 099.76 pla 
TMPD11 102.00 102.01 pla 
TMPD11 105.30 105.31 ms-cBX 
TMPD11 108.30 108.31 ms-cBX 
TMPD11 111 .70 111 .71 ms-cBX 
TMPD11 111 .70 111 .71 ms-cBX 
TMPD11 115.30 115.31 ms-cBX 
TMPD11 118.55 118.56 pla 
TMPD11 121 .55 121.56 pla 
TMPD11 124.55 124.56 Hcy-si 
TMPD11 127.00 127.01 Hcy-si 
TMPD11 130.00 130.01 pla 
TMPD11 133.00 133.01 pla 
TMPD11 136.00 136.01 Hey 
TMPD11 139.00 139.01 pla 
TMPD11 142.00 142.01 pla 
TMPD11 145.75 145.76 Hcy-si 
TMPD11 148.75 148.76 Hcy-si 
TMPD11 151 .75 151 .76 Hcy-si 
TMPD11 154.50 154.51 Hcy-si 
TMPD11 157.20 157.21 Hcy-si 
TMPD11 159.80 159.81 Hcy-si 
TMPD11 162.00 162.01 Hcy-si 
TMPD11 165.00 165.01 Hcy-si 
TMPD11 168.00 168.01 Hcy-si 
TMPD11 171 .00 171 .01 Hcy-si 
TMPD11 174.40 174.41 Hcy-si 
TMPD11 177.40 177.41 Hcy-si 
TMPD11 180.60 180.61 Hcy-si 
TMPD11 183.60 183.61 Hsi-cy 
TMPD11 187.00 187.01 Hsi-cy 
TMPD11 190.00 190.01 pla 
TMPD11 193.00 193.01 pla 
TMPD11 196.00 196.01 Hcy-si 
TMPD11 202.00 202.01 Hcy-si 
TMPD11 205.00 205.01 Hcy-si 
TMPD11 208.00 208.01 Hcy-si 
TMPD11 211 .40 211.41 Hcy-si 
TMPD11 214.40 214.41 la 
TMPD11 217.30 217.31 la 
TMPD11 220.00 220.01 la 
TMPD11 223.00 223.01 Hcy-si 
TMPD11 226.00 226.01 Hcy-si 
TMPD11 229.00 229.01 la 
TMPD11 231.00 231 .01 la 
TMPD11 234.00 234.01 Hcy-si 
TMPD11 237 .00 237 .01 Hcy-si 
TMPD11 240.00 240.01 Hcy-si 
TMPD11 243.00 243.01 Hsi 
TMPD11 246.10 246.11 Hsi 
TMPD11 249.50 249.51 Hsi-cy 
TMPD11 252.75 252.76 Hsi-cy 
TMPD11 255.20 255.21 Hsi-cy 
TMPD11 258.40 258.41 Hsi-cy 
TMPD11 261 .40 261.41 Hsi-cy 
Appendix E3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
sm PE Green clays (chloritic?) 
sm CV White gypsum or calcite? vein 
sm fc PE Pale green clays (ch loritic?) 
it fc PE Pale green clays (chloritic?) 
fc GM Pale green clays in groundmass to pla 
it PH White clay altered feldpspar phenocrysts 
it fc PE 
it gy PE 
it fc PE Dgn plus Lgn clay altered pla. 
it fc PE Pale green clays 
it PE 
it PE 
it PE Pale green clays 
it fc PE Pale green clays 
it PE Pale green clays 
it fc PE Pale green clays 
it PE Pale green clays 
it fc PE Pale green clays 
it FLT White puggy clay fault gouge 
it PE 
it PH Wh cy alt fd pheno. in silic. pla g/mass 
it PE 
se PE Pale yellow1:1rey clays in Hcy-si 
se PE Pale yellow1:1rey clays in Hcy-si 
it gy PH Pale yellow cy alt fd phenocrysts 
it gy FLT Fault gouge 
it PH White-yellow clay alt feldspar phenocrysts 
it PH 
it PH White-yellow clay all feldspar phenocrysts 
ph PE White plus light brown clays in Hsi-cy 
ph di it PE White plus light brown clays in Hsi-cy 
ph se PE White plus light brown clays in Hsi-cy 
se PE White clays in Hsi-cy 
it ph PE White clays in Hcy-si 
se ph PE White clays in Hcy-si 
se ph PE White clays in Hcy-si 
ph PE White clays in Hsi-cy 
se PE White plus light brown clays in Hcy-si 
ph se PE White plus light brown clays in Hcy-si 
ph di PE White clay spots in Hsi-cy alteration 
ph se PE 
ph CV Pale waxy green 2mm clay vein 
ph PE Brown clays 
se PE Green clays 
dk PE 
se PE Light brown clays in Hcy-si 
ph se PE 
it di PE White clay spots in Hsi-cy 
it PE Hsi 
ph PE White-yellow clays 
ph PE White-yellow clays 
ph di PE White-yellow clays 
ph it di PE 
it di PE White-yellow clays 
ph CV Irregular 1 mm white clay vein 
F3-11 
File 
11T031 
11T032 
11T033 
11T034 
11T035 
11T035 
11T036 
11T037 
11T038 
11T039 
11T040 
11T041 
11T042 
11T043 
11T044 
11T045 
11T046 
11T047 
11T048 
11T049 
11T050 
11T051 
11T052 
11T053 
11T054 
11T055 
11T056 
11T057 
11T058 
11T059 
11T060 
11T061 
11T062 
11T063 
11T065 
11T066 
11T067 
11T068 
11T069 
11T070 
11T071 
11T072 
11T073 
11T074 
11T075 
11T076 
11T077 
11T078 
11T079 
11T080 
11T081 
11T082 
11T083 
11T084 
11T085 
Drlllhole From To Lithology 
TMPD11 264.80 264.81 Hsi-cy 
TMPD11 268.00 268.01 Hsi-cy 
TMPD11 271 .30 271.31 Hcy-si 
TMPD11 274.30 274.31 Hcy-si 
TMPD11 277.60 277.61 Hcy-si 
TMPD11 280.60 280.61 Hcy-si 
TMPD11 284.00 284.01 Hcy-si 
TMPD11 287.00 287.01 Hcy-si 
TMPD11 290.00 290.01 Hcy-si 
TMPD11 293.00 293.01 pla 
TMPD11 297 .00 297 .01 pla 
TMPD11 300.50 300.51 pla 
TMPD11 303.50 303.51 pla 
TMPD11 306.45 306.46 pla 
TMPD11 309.45 309.46 pla 
TMPD11 312.60 312.61 pla 
TMPD11 319.00 319.01 pla 
TMPD11 321.20 321.21 pla 
TMPD13 005.00 005.01 pla 
TMPD13 010.30 010.31 pla 
TMPD13 015.20 015.21 pla 
TMPD13 018.10 018.11 pla 
TMPD13 022.00 022.01 pla 
TMPD13 025.20 025.21 Hcy(pla) 
TMPD13 028.45 028.46 Hcy(pla) 
TMPD13 032.00 032.01 Hcy(pla) 
TMPD13 035.25 035.26 Hcy(pla) 
TMPD13 038.20 038.21 Hcy(pla) 
TMPD13 041.80 041 .81 pla 
TMPD13 044.40 044.41 pla 
TMPD13 047.90 047.91 pla 
TMPD13 050.80 050.81 pla 
TMPD13 052.00 052.01 pla 
TMPD13 055.65 055.66 pla 
TMPD13 056.95 056.96 pla 
TMPD13 062.80 062.81 pla 
TMPD13 064.95 064.96 pla 
TMPD13 066.00 066.01 pla 
TMPD13 068.10 068.11 pla 
TMPD13 069.50 069.51 pla 
TMPD13 074.00 074.01 pla 
TMPD13 076.15 076.16 pla 
TMPD13 078.20 078.21 pla 
TMPD13 082.15 082.16 pla 
TMPD13 085.20 085.21 pla 
TMPD13 088.60 088.61 pla 
TMPD13 091.30 091.31 Hcy(pla) 
TMPD13 093.00 093.01 Hcy(pla) 
TMPD13 095.35 095.36 pla 
TMPD13 097.50 097.51 pla 
TMPD13 100.00 100.01 pla 
TMPD13 102.10 102.11 cs-mHBX-S 
TMPD13 105.00 105.01 cs-mHBX-S 
TMPD13 109.75 109.76 pla 
TMPD13 109.75 109.76 pla 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
se PE 
dk CV 1 mm white clay vein in Hsi-cy 
se FLT White clay fault gouge 
se PE Light brown clays 
ph PE 
ph PE 
ph PE 
ph se PE 
se PE 
se PE Pale green clays (chloritic?) 
se fc PE Pale green clays (chloritic?) 
it PE 
mu PE White spots in Hsi-cy alteration 
mu PE 
mu PE 
se fc PE Pale green clays (chloritic?) 
it fc PE Pale green clays (chloritic?) 
se fc PE Pale green clays (chloritic?) 
k PE Pervasive pink grey clays in saprock. 
k PE Pervasive pink grey clays in saprock. 
k PE Wh cy in highly ferrug. weath. saprock 
k PE Wh cy in highly ferrug. weath. saprock 
k PE Wh cy in highly ferrug. weath. saprock 
k PE Partly oxidised cream clays after pla. 
k PE Partly oxidised cream clays after pla. 
k PE Pervasive pale green clays 
k PE Pervasive light brown clays 
k PE Pervasive light brown clays 
mm PE Pervasive light brown clays 
mm PE Pervasive light brown clays 
mm PH White clay pheno. plus pale grn mtx 
mm PE Light brown clays 
Ze?? CV White clay or gypsum? vein. 
k FLT White clays in fault gouge. 
mm PH White clay altered feldspar phenocrysts 
mm PH White clay alt plagioclase phenocrysts 
dk it CV White clays 
dk it CV White clays 
Ze?? CV White clay or gypsum?? veins. 
Ze?? CV White clay or gypsum?? veins. 
mm PE 
mm PH White clays 
Ze?? CV White clay or gypsum veins. 
mm PE 
mm PH White clays after tabular fd phenocrysts 
mm PH White clays after feldspar phenocrysts 
it FLT White clays in fault gouge 
it PE 
it PH White clay altered phenocrysts 
it PH White clays after feldspar. 
it PH 
it HBX Green chloritic clays 
it HBX Green chlorotic? clays 
fc GM Pale green clays 
it PH White clays 
F3-12 
Fiie 
11T086 
11T087 
11T088 
11T089 
11T090 
11T091 
11T092 
11T093 
11T094 
11T095 
11T096 
11T097 
11T098 
11T099 
11T100 
11T101 
11T103 
11T104 
13T001 
13T002 
13T003 
13T004 
13T005 
13T006 
13T007 
13T008 
13T009 
13T010 
13T01f 
13T012 
13T013 
13T014 
13T015 
13T016 
13T017 
13T018 
13T020 
13T021 
13T022 
13T023 
13T024 
13T025 
13T026 
13T027 
13T028 
13T029 
13T030 
13T031 
13T032 
13T033 
13T034 
13T035 
13T036 
13T0.36 
Drillhole From To Lithology 
TMPD13 112.70 112.71 pla 
TMPD13 115.40 115.41 pla 
TMPD13 117.80 117.81 pla 
TMPD13 121.40 121 .41 pla 
TMPD13 126.20 126.21 cs-mHBX 
TMPD13 128.70 128.71 cs-mHBX 
TMPD13 131 .30 131.30 pla 
TMPD13 134.40 134.41 pla 
TMPD13 137.30 137.31 pla 
TMPD13 140.80 140.81 Hsi-cy(ms-fHBX) 
TMPD1 3 141.60 141.61 Hsi-cy(ms-fHBX) 
TMPD13 143.25 143.26 pla 
TMPD13 146.65 146.66 pla 
TMPD13 146.65 146.66 pla 
TMPD13 149.25 149.26 Hcy-si(pla) 
TMPD13 152.60 152.61 
TMPD13 152.60 152.61 Hcy-si(pla) 
TMPD1 3 155.75 155.76 Hcy-si(pla) 
TMPD13 159.55 159.56 Hcy-si(pla) 
TMPD13 162.00 162.01 Hcy-si(pla) 
TMPD1 3 165.60 165.61 ms-fHBX-S 
TMPD13 168.70 168.71 Hsi-cy 
TMPD13 171 .30 171 .31 Hsi-cy 
TMPD13 174.25 174.26 la 
TMPD13 177.10 177.11 la 
TMPD13 180.80 180.81 Hsi-cy 
TMPD13 184.20 184.21 Hsi-cy 
TMPD13 187.15 187.16 Hsi-cy 
TMPD13 190.90 190.91 Hsi-cy 
TMPD13 196.90 196.91 Hsi-cy 
TMPD13 200 .70 200. 71 Hcy-si 
TMPD13 203.10 203.11 Hsi-cy 
TMPD13 206.50 206.51 Hsi-cy 
TMPD13 209.95 209.96 Hsi-cy 
TMPD13 212.65 212.66 Hsi-cy 
TMPD13 218.60 218.61 pla 
TMPD13 221.40 221 .41 Hcy-si 
TMPD13 224.20 224.21 Hcy-si 
TMPD13 226.50 226.51 Hcy-si 
TMPD13 232.25 232.26 ipla 
TMPD13 233.30 233.31 ipla 
TMPD13 236.30 236.31 DI 
TMPD13 239.10 239.11 DI 
TMPD13 246.35 246.36 DI 
TMPD13 246.35 246.36 DI 
TMPD13 248.05 248.06 la 
TMPD13 251.00 251.01 DI 
TMPD13 254.50 254.51 Hcy-si(pla) 
TMPD13 257.15 257.16 Hcy-si(pla) 
TMPD13 260.50 260.51 Hcy-si(pla) 
TMPD13 264.00 264.01 Hcy-si(pla) 
TMPD13 266.90 266.91 pla 
TMPD13 266.90 266.91 pla 
TMPD13 269.65 269.66 pla 
TMPD13 269.65 269.66 pla 
Appendix F3 
Tampakan PIMA II database 
Min1 Mln2 Min3 Min4 Occurrence Comments 
it PH White clays after feldspar 
it PH White clays after feldspar 
it PH White clays after fe ldspar 
it PH White clays after feldspar 
it PE 
it PH White clays 
it PH White clays 
it PH White clays 
it PH White clays after feldspar 
it FLT Puggy white clay fault gouge 
ph dk it PE White plus light brown clays 
it PH White clays after feldspar 
Ze?? CV White clays 
it PH White clays 
it PE Cream clays 
fc GM 
it PH White clays after fd phenocrysts. 
it PE White clays (pervasive) 
it PE 
dk CV Pale waxy green clays 
it HBX White clay matrix to ms-fHBX 
di PE White cy in strongly Hsi-cy alt rock 
se PE White clays 
it PE White clays 
it fc PE White clays 
it PE White clays 
it ph PE White clays 
dk ph PE White clays 
ph dk di PE White clays 
it cc Light brown to cream coloured clays 
ph it PE Light brown to cream coloured clays 
it ph PE Light brown to cream coloured clays 
it PE Light brown to cream coloured clays 
it ph PE Light brown to cream coloured clays 
it CV Pale waxy green clay vein 
fc PH Waxy yellow-brown clay after feldspar. 
it ph FLT White clays in fault gouge 
it FLT White clays in fault gouge 
it PE 
mm PE White-cream clays 
it fc PE 
it PE 
it fc PE 
fc GM Green 
it PH White 
fc PE 
it ph PH White clays after feldspar 
it FLT White clay gouge in fault breccia 
it PE 
it PE Yellow clay 
it PE 
fc GM Pale green chlorite? 
it ph PH White clay after feldspar phenocrysts 
fc GM Pale green chlorite? 
it PH White clay 
F3-13 
File 
13T037 
13T038 
13T039 
13T040 
13T041 
13T042 
13T043 
13T044 
13T045 
13T046 
13T047 
13T048 
13T050 
13T049 
13T051 
13T052 
13T052 
13T053 
13T054 
13T055 
13T056 
13T057 
13T058 
13T059 
13T060 
13T061 
13T062 
13T063 
13T064 
13T065 
13T066 
13T067 
13T068 
13T069 
13T070 
13T071 
13T072 
13T073 
13T074 
13T075 
13T076 
13T077 
13T078 
13T079 
13T079 
13T080 
13T081 
13T082 
13T083 
13T084 
13T085 
13T086 
13T086 
13T087 
13T087 
Drill hole From To Litholoav 
TMPD13 272.25 272.26 pla 
TMPD13 275.90 275.91 pla 
TMPD13 275.90 275.91 pla 
TMPD13 278.20 278.21 pla 
TMPD13 281 .65 281 .66 pla 
TMPD13 281.65 281 .66 pla 
TMPD13 284.70 284.71 pla 
TMPD13 287 .60 287 .61 pla 
TMPD13 287 .60 287 .61 pla 
TMPD13 290.85 290.86 Hey 
TMPD13 294.50 294.51 pla 
TMPD13 297.10 297.11 pla 
TMPD13 297.10 297.11 pla 
TMPD13 300.35 300.36 pla 
TMPD13 303.90 303.91 pla 
TMPD13 306.15 306.16 pla 
TMPD13 310.05 310.06 pla 
TMPD13 312.60 312.61 pla 
TMPD13 312.60 312.61 pla 
TMPD13 314.75 314.76 pla 
TMPD13 314.75 314.76 pla 
TMPD14 016.20 016.21 pla 
TMPD14 018.50 018.51 pla 
TMPD14 018.50 018.51 pla 
TMPD14 021.00 021.01 pla 
TMPD14 023.85 023.86 pla 
TMPD14 026.50 026.51 Hcy(pla) 
TMPD14 028.80 028.81 Hcy(pla) 
TMPD14 028.80 028.81 Hcy(pla) 
TMPD14 031.80 031.81 pla 
TMPD14 031 .80 031 .81 pla 
TMPD14 031.90 031.91 pla 
TMPD14 034.00 034.01 pla 
TMPD14 036.35 036.36 pla 
TMPD14 038.80 038.81 pla 
TMPD14 041 .30 041.31 pla 
TMPD14 043.60 043.61 pla 
TMPD14 047.00 047.01 pla 
TMPD14 051.00 051 .01 pla 
TMPD14 054.00 054.01 pla 
TMPD14 056.35 056.36 pla 
TMPD14 059.10 059.11 pla 
TMPD14 063.45 063.46 pla 
TMPD14 066.65 066.66 pla 
TMPD14 070.50 070.51 pla 
TMPD14 073.90 073.91 pla 
TMPD14 077.10 077.11 pla 
TMPD14 080.00 080.01 Hcy-si(pla) 
TMPD14 083.45 083.46 Hcy-si(pla) 
TMPD14 083.45 083.46 Hcy-si(pla) 
TMPD14 085.05 085.06 Hcy-si(pla) 
TMPD14 085.05 085.06 Hcy-si(pla) 
TMPD14 088.30 088.31 Hcy-si(pla) 
TMPD14 088.30 088.31 Hcy-si(pla) 
TMPD14 091.40 091.41 Hcy-si(pla) 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it ph fc PE White clays 
fc GM Green 
it PH White 
ph it PH White clays 
fc GM Pale green chlorotic? groundmass 
it ph PH White clays after feldspar 
it PE White clays 
fc GM Green 
k it PH White 
it PE 
it fc PE Pale green plus white clays 
fc GM Green 
it PH White 
it fc PE 
it fc FLT White fault gouge 
it PH White clays 
it fc PE 
fc GM Pale green groundmass 
it PH White clays after feldspar 
fc GM Pale green groundmass 
it PH White clay after feldspar 
it dk PH White clay 
fc GM Grey-green clay 
it PH White clay 
it dk FLT White clays in fault gouge. 
it PH White-cream clays 
it PH White-cream clays 
fc GM Green clays 
it PH White clays 
fc GM White clays 
it PH White clays after fd 
it CV Calcite or gypsum?? 
it PH White clays 
it PH White clays 
it PH White clays 
it PH White clay 
it PE Pervasive cream clays (wkly oxid) 
it PH White clay 
it PH White clays 
it PH 
Ze?? CV Calcite or gypsum?? 
it PH White clays 
it PH White clays 
it PH White clays 
Ze?? CV Calcite, clay or gypsum?? 
Ze?? CV Calcite, clay or gypsum?? 
it PH White clays 
it PH Pale green cream clays. 
fc GM Green clays 
it PH White clay alt of plagioclase feldspars. 
fc GM Green clays 
it PH White clays 
fc GM Green clays 
it PH White clays 
Ze?? CV Calcite or gypsum?? 
F3-14 
File 
13T088 
13T089 
13T089 
13T090 
13T091 
13T091 
13T092 
13T093 
13T093 
13T094 
13T095 
13T096 
13T096 
13T097 
13T098 
13T099 
13T100 
13T101 
13T101 
13T102 
13T102 
14T001 
14T002 
14T002 
14T003 
14T004 
14T005 
14T006 
14T006 
14T007 
14T007 
14T014 
14T008 
14T009 
14T010 
14T011 
14T012 
14T013 
14T016 
14T017 
14T015 
14T018 
14T019 
14T020 
14T021 
14T022 
14T023 
14T024 
14T025 
14T025 
14T026 
14T026 
14T027 
14T027 
14T028 
Drillhole From To Litholoav 
TMPD14 093.60 093.61 Hcy-si(pla) 
TMPD1 4 096.20 096.21 pla 
TMPD14 100.00 100.01 pla 
TMPD14 103.50 103.51 Hcy-si(pla) 
TMPD1 4 105.90 105.91 pla 
TMPD14 108.05 108.06 pla 
TMPD14 111.50 111 .51 pla 
TMPD14 114.60 114.61 pla 
TMPD14 117.90 117.91 Hcy-si(pla) 
TMPD14 120.60 120.61 Hcy-si(pla) 
TMPD14 124.10 124.11 Hcy-si(pla) 
TMPD14 127.35 127.36 Hcy-si(pla) 
TMPD14 130.00 130.01 Hcy-si(pla) 
TMPD14 130.00 130.01 Hcy-si(pla) 
TMPD14 133.40 133.41 Hcy-si(pla) 
TMPD14 137.00 137.01 Hcy-si(pla) 
TMPD14 140.50 140.51 Hcy-si(pla) 
TMPD14 143.45 143.46 Hcy-si(pla) 
TMPD1 4 146.60 146.61 pla 
TMPD14 149.10 149.11 Hcy-si(pla) 
TMPD14 152.40 152.41 Hcy-si(pla) 
TMPD14 155.40 155.41 Hcy-si(pla) 
TMPD14 157.20 157.21 Hcy-si(pla) 
TMPD14 160.00 160.01 Hsi-cy 
TMPD14 162.20 162.21 Hsi-cy 
TMPD14 165.20 165.21 Hsi-cy 
TMPD14 169.40 169.41 Hsi-cy 
TMPD14 171.30 171 .31 Hsi-cy 
TMPD14 174.20 174.21 Hsi-cy 
TMPD14 177.45 177.46 Hsi-cy 
TMPD14 181 .1 0 181 .11 Hsi-cy 
TMPD14 184.85 184.86 Hsi-cy 
TMPD14 187.50 187.51 Hsi-cy 
TMPD14 191 .00 191 .01 Hsi-cy 
TMPD14 194.85 194.86 Hsi-cy 
TMPD14 197.80 197.81 Hsi-cy 
TMPD14 200.00 200.01 Hsi-cy 
TMPD14 204.00 204.01 Hsi-cy 
TMPD14 207.60 207.61 Hsi-cy 
TMPD1 4 209.35 209.36 Hsi-cy 
TMPD14 212.00 212.01 Hsi-cy 
TMPD14 215.35 215.36 Hcy-si(pla) 
TMPD14 217.50 217.51 Hcy-si(pla) 
TMPD1 4 220.70 220.71 Hcy-si(pla) 
TMPD1 4 223.75 223.76 Hcy-si(pla) 
TMPD1 4 226.30 226.31 Hcy-si(pla) 
TMPD14 229.30 229.31 Hcy-si(pla) 
TMPD14 231 .00 231 .01 Hcy-si(pla) 
TMPD14 234.20 234.21 Hcy-si(pla) 
TMPD14 237.15 237.16 Hcy-si(pla) 
TMPD14 240.40 240.41 pla 
TMPD14 244.20 244.21 pla 
TMPD14 247.90 247.91 pla 
TMPD14 250.10 250.11 Hsi-cy 
TMPD14 253.30 253.31 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Min3 Min4 Occurrence Comments 
it PE Pale waxy light green plus brown clays. 
it PE White clays 
it PH White clays 
it PE White plus bm clays in pheno. and mtx. 
it PE White plus bm clays in pheno. and mtx. 
it GM Green clays 
it PH White clays 
Ze?? CV Calcite or gypsum?? 
dk PE Light brown clays 
it dk PE Light brown to pink clays 
it PE Light brown clays 
it fc PE Brown clays 
fc GM Brown clays 
it PH Waxy light green to white clays 
it PE 
it fc FLT White clays in fault gouge. 
it PE White cream clays 
it HBX Light grey cy in clay mtx to breccia. 
it fc PE 
it PE 
dk PE White plus light brown clays 
ph PH White clay alt pheno.in a silic.g/mass 
dk ph it PE Light brown to yellow clays 
ph CV Pale waxy green clays. 
ph PE Waxy L.gm plus L.brn cy with vfg enargite? 
ph PE Brown plus light green clays. 
ph dk CV White to pale waxy green clay vein . 
ph PE 
ph dk di CV White clay vein 
ph dk PE Cream to light brown clays 
it ph PE Pervasive light brown clays 
ph PE Pervasive light brown clays 
ph PE Pervasive light brown clays 
ph di PE Pervasive light brown clays 
ph it PE Pervasive light brown clays 
ph PE Pervasive light brown clays 
ph PE Pervasive light brown clays 
ph dk PE Pervasive light brown clays 
ph it PE Pervasive light brown clays 
ph PE Pervasive light brown clays 
ph PE Pervasive light brown clays 
ph PE Light brown plus white clays 
ph it PE Light brown plus white clays 
ph CV Waxy white clay vein 
ph PE L.bn plus waxy L.gm clays with diss. py. 
ph PE Light brown plus waxy light green clays. 
ph it PE Light brown plus waxy light green clays. 
ph dk CV Waxy light green clay veins 
dk ph PE Brown clays in green chloritic pla. 
it PE 
it ph PE 
it ph PE Perv. L.bm cy tracts+ spec. hem. in tracts 
ph cc White clays in Hsi-cy altered interval. 
ph PE White clays 
it ph PE White clays 
F3-15 
File 
14T029 
14T030 
14T031 
14T032 
14T033 
14T034 
14T036 
14T035 
14T037 
14T038 
14T039 
14T040 
14T031 
14T031 
14T042 
14T043 
14T044 
14T045 
14T046 
14T047 
14T048 
14T049 
14T050 
14T051 
14T052 
14T053 
14T054 
14T055 
14T056 
14T057 
14T058 
14T059 
14T060 
14T061 
14T062 
14T063 
14T064 
14T065 
14T066 
14T067 
14T068 
14T069 
14T070 
14T071 
14T072 
14T073 
14T074 
14T075 
14T076 
14T077 
14T078 
14T079 
14T080 
14T081 
14T082 
Drillhole From To Lithology 
TMPD14 256.00 256.01 Hsi-cy 
TMPD14 259.20 259.21 Hsi-cy 
TMPD14 262.10 262.11 Hsi-cy 
TMPD14 265.00 265.01 Hsi-cy 
TMPD14 267 .45 267 .46 Hsi-cy 
TMPD14 269.50 269.51 Hsi-cy 
TMPD14 271.60 271.61 la 
TMPD14 274.80 274.81 Hcy-si 
TMPD14 277.70 277.71 la 
TMPD14 280.50 280.51 la 
TMPD14 283.55 283.56 la 
TMPD14 285.90 285.91 la 
TMPD14 288.50 288.51 la 
TMPD14 291.15 291.16 la 
TMPD14 294.20 294.21 la 
TMPD14 297.15 297.16 la 
TMPD14 300.20 300.21 Hsi-cy 
TMPD14 302.20 302.21 Hsi-cy 
TMPD14 305.20 305.21 Hsi-cy 
TMPD14 308.20 308.21 Hsi-cy 
TMPD14 310.80 310.81 Hsi-cy 
TMPD15 011 .00 011.01 Hsi 
TMPD15 013.70 013.71 Hcy-si 
TMPD15 016.65 016.66 Hcy-si 
TMPD15 019.45 019.46 Hcy-si 
TMPD15 022.45 022.46 Hcy-si 
TMPD15 025.55 025.56 Hcy-si 
TMPD15 028.30 028.31 Hcy-si 
TMPD15 031.25 031.26 Hcy-si 
TMPD15 033.25 033.26 Hcy-si 
TMPD15 036.20 036.21 Hcy-si 
TMPD15 038.95 038.96 Hcy-si 
TMPD15 039.85 039.86 Hcy-si 
TMPD15 039.85 039.86 Hcy-si 
TMPD15 042.40 042.41 Hcy-si 
TMPD15 045.50 045.51 Hcy-si 
TMPD15 047.30 047.31 Hcy-si 
TMPD15 049.80 049.81 Hsi-cy 
TMPD15 052.00 052.01 pla 
TMPD15 054.85 054.86 pla 
TMPD15 057.50 057.51 pla 
TMPD15 060.00 060.01 pla 
TMPD15 063.00 063.01 Hcy-si 
TMPD15 065.60 065.61 Hcy-si 
TMPD15 068.30 068.31 Hcy-si 
TMPD15 071.50 071.51 Hcy-si 
TMPD15 073.65 073.66 Hsi-cy 
TMPD15 076.70 076.71 Hsi-cy 
TMPD15 079.90 079.91 Hsi-cy 
TMPD15 083. 70 083. 71 Hsi-cy 
TMPD15 086.70 086.71 Hsi-cy 
TMPD15 089.50 089.51 Hsi-cy 
TMPD15 093.30 093.31 Hsi-cy 
TMPD15 096.00 096.01 Hcy-si 
TMPD15 098.30 098.31 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ph PE Tan clays in massive Hsi-cy alteration 
ph PE Tan clays in massive Hsi-cy alteration 
ph dk it PE Pervasive tan coloured clay 
ph PE Pervasive tan coloured clay 
dk CV White clay vein in Hsi-cy altered pla. 
ph PE 
fc it PE Green chloritic pla 
ph PE Cream to tan clays in Hcy-si alteration 
fc ii PE Green chloritic pla. 
fc ii PE Green chloritic pla. 
it fc PE Green chloritic pla. 
it PE White plus waxy green clays 
ph PE 
it fc PE 
it PE 
it fc PE White plus L.gm cy in clay altered pla 
ph PE White clays in Hsi-cy 
ph PE Creamy tan clays 
dk CV Waxy L.gm cy vns OP clay-silica alt 
ph PE Tan brown clays 
ph dk PE Tan brown clays 
se FLT White clay matrix to fault breccia 
se PE White clay 
it CV Pale waxy green clay vein 
mu dk PE White clay 
ph it PE Pervasive light brown clays 
it CV White clays in clay vein 
it PE 
it PE White clays 
it PE While to light green clays 
se PE White clays 
se PE White clays 
se CV White clays 
ph PE Light brown clays 
it PE White clays 
dk CV White clays 
ph PH White clays 
dk CV White clay vein 
ph dk PE White clays 
it PE White clays in Hsi-cy 
ii PE White clays in Hsi-cy 
it PH White clays 
se PE White clays 
it PE 
dk CV White clay vein (1mm) 
it PE White clays 
dk PE 
ph PE White clays 
it CV White to yellow cy in pyritic interval 
dk CV White clays 
ph PE White clays 
ph dk PE White clays 
it PE White clays 
it PH White clay altered phenocrysts 
ph PE 
F3-16 
File 
14T083 
14T084 
14T085 
14T086 
14T087 
14T088 
14T089 
14T090 
14T091 
14T092 
14T093 
14T094 
14T095 
14T096 
14T097 
14T098 
14T099 
14T100 
14T101 
14T102 
14T103 
15T001 
15T002 
15T003 
15T004 
15T005 
15T006 
15T007 
15T008 
15T009 
15T010 
15T011 
15T012 
15T013 
15T014 
15T015 
15T016 
15TOn: 
15T018 
15T019 
15T020 
15T021· 
15T022 
15T023 
15T024 
15T025 
15T026 
15T027 
15T028 
15T029 
15T030 
15T031 
15T032 
15T033 
15T034 
Drillhole From To Litholoav 
TMPD15 101 .30 101 .31 Hcy-si 
TMPD15 104.15 104.16 Hcy-si 
TMPD15 107.30 107.31 Hcy-si 
TMPD15 109.70 109.71 Hcy-si 
TMPD15 112.60 112.61 Hcy-si 
TMPD15 115.35 115.36 Hcy-si 
TMPD15 118.30 118.31 Hcy-si 
TMPD15 121.40 121.41 Hcy-si 
TMPD15 124.20 124.21 Hcy-si 
TMPD15 127.20 127.21 Hcy-si 
TMPD15 130.70 130.71 Hsi-cy 
TMPD15 133.90 133.91 Hcy-si 
TMPD15 136.80 136.81 Hcy-si 
TMPD15 139.80 139.81 Hcy-si 
TMPD15 141.90 141 .91 Hsi 
TMPD15 144.70 144.71 Hsi 
TMPD15 147.50 147.51 cHsi 
TMPD15 150.70 150.71 cHsi 
TMPD15 153.40 153.41 cHsi 
TMPD15 156.40 156.41 cHsi 
TMPD15 159.40 159.41 cHsi 
TMPD15 162.60 162.61 cHsi 
TMPD15 165.55 165.56 Hcy-si 
TMPD15 168.80 168.81 Hsi-cy 
TMPD15 170.80 170.81 Hsi-cy 
TMPD15 173.90 173.91 Hcy-si 
TMPD15 176.80 176.81 Hcy-si 
TMPD15 180.50 180.51 Hcy-si 
TMPD15 183.85 183.86 pla 
TMPD15 186.40 186.41 Hcy-si 
TMPD15 189.95 189.96 Hcy-si 
TMPD15 192.35 192.36 la 
TMPD15 195.60 195.61 la 
TMPD15 198.45 198.46 la 
TMPD15 201 .00 201.01 Hcy-si 
TMPD15 204.10 204.11 la 
TMPD15 207.50 207.51 ms-mHBX 
TMPD15 210.30 210.31 ms-mHBX 
TMPD15 213.30 213.31 Hsi-cy 
TMPD15 216.10 216.11 Hsi-cy 
TMPD15 219.30 219.31 Hcy-si 
TMPD15 222.85 222.86 Hcy-si 
TMPD15 225.30 225.31 la 
TMPD15 228.00 228.01 la 
TMPD15 231.00 231.01 la 
TMPD15 234.40 234.41 Hcy-si 
TMPD15 237.00 237.01 Hcy-si 
TMPD15 240.00 240.01 Hcy-si 
TMPD15 244.00 244.01 Hcy-si 
TMPD15 247.00 247.01 la 
TMPD15 249.60 249.61 la 
TMPD15 249.60 249.61 la 
TMPD15 249.60 249.61 la 
TMPD15 252.80 252.81 DI 
TMPD15 255.40 255.41 DI 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ph PE 
ph di PE White clays 
ph PE Light brown plus white clays 
dk CV White clay vein in vuHsi-cy 
ph dk di CV Light green wa'/cy clay veins 
it di PE White clays 
it PE 
it CV White clay vein (1mm) 
ph PE White clays 
ph dk di PE White clays 
dk CV 1 mm white clay vein 
ph PE 
se PE White yellow clays 
ph it PE 
it FLT White clays in matrix to fault breccia 
it PE White clays 
it cc White clay clot (infill) 
it cc White clay clot (infill) 
se cc White clay clot (infill) 
it 
I• 
cc White clay clot (infill) 
it ccs 4mm white clay clot with fg py (infill) 
it PE White clays in Hsi-cy 
it PE White plus light brown clays 
se PE White clays in Hsi-cy 
ph dk PE White clays 
it ccs 4mm white clay clot with fg py (infill) 
ph PE White clays 
it PE 
it PE 
it PE White clays 
mu PE White clays 
it fc gy PE White plus light green clays 
it fc PE White clays in Hsi-cy 
it fc PE White clays in Hsi-cy 
it PE White clays in Hsi-cy 
it fc PE White clays in Hsi-cy 
it fc FLT White clays in fault breccia matrix 
it FLT White clays in fault breccia matrix 
it PE White clays in Hsi-cy 
it PE White clays in Hsi-cy 
ph dk CV White clay vein (1mm) 
se PE White clays 
ph dk fc PE 
it FLT White clays in fault breccia matrix 
it PE 
gy ph PE White clays 
it gy PE Abundant gypsum veining 
gy PE Abundant gypsum veining 
it PE Light yellow stained clays 
ph dk PH White clays after feldspar phenocrysts 
fc GM Pale green 
it PH White clays after feldspar phenocrysts 
ph dk CV White clays in 1 mm clay vein 
gy it fc PE 
it fc PE Light yellow clays 
F3-17 
File 
15T035 
15T036 
15T037 
15T038 
15T039 
15T040 
15T041 
15T042 
15T043 
15T044 
15T045 
15T046 
15T047 
15T048 
15T049 
15T050 
15T051 
15T052 
15T053 
15T054 
15T055 
15T056 
15T057 
15T058 
15T059 
15T060 
15T061 
15T062 
15T063 
15T064 
15T065 
15T066 
15T067 
15T068 
15T069 
15T070 
15T071 
15T072 
15T073 
15T074 
15T075 
15T076 
15T077 
15T078 
15T079 
15T080 
15T081 
15T082 
15T083 
15T084 
15T086 
15T086 
15T085 
15T087 
15T088 
Drillhole From To Litholnov 
TMPD15 258.60 258.61 DI 
TMPD15 261.40 261.41 DI 
TMPD15 263.80 263.81 DI 
TMPD15 270.55 270.56 DI 
TMPD15 273.55 273.56 DI 
TMPD15 276. 70 276. 71 DI 
TMPD15 279.55 279.56 DI 
TMPD15 282.35 282.36 DI 
TMPD15 285.40 285.41 DI 
TMPD15 289.50 289.51 DI 
TMPD15 292.50 292.51 DI 
TMPD15 296.60 296.61 DI 
TMPD16 009.00 009.01 Lfz 
TMPD16 011.60 011.61 ms-mHBX-S 
TMPD16 014.30 014.31 ms-mHBX-S 
TMPD16 017.00 017.01 Hcy-si 
TMPD16 019.90 019.91 Hcy-si 
TMPD16 022.00 022.01 ms-mHBX-S 
TMPD16 025.40 025.41 Hcy-si 
TMPD16 027 .50 027 .51 Hcy-si 
TMPD16 030.00 030.01 Hcy-si 
TMPD16 033.15 033.16 Hcy-si 
TMPD16 036.10 036.11 Hcy-si 
TMPD16 039.00 039.01 Hsi-cy 
TMPD16 042.00 042.01 Hcy-si (pla) 
TMPD16 044.00 044.01 Hcy-si (pla) 
TMPD16 047.25 047.26 Hcy-si (pla) 
TMPD16 050.30 050.31 Hcy-si (pla) 
TMPD16 053.30 053.31 Hcy-si (pla) 
TMPD16 055.95 055.96 Hcy-si (pla) 
TMPD16 058.15 058.16 Hsi-cy 
TMPD16 062.40 062.41 Hsi-cy 
TMPD16 065.20 065.21 Hsi-cy 
TMPD16 067.65 067.66 pla 
TMPD16 070.35 070.36 Hcy-si 
TMPD16 073.00 073.01 Hcy-si 
TMPD16 076.10 076.11 pla 
TMPD16 076.10 076.11 pla 
TMPD16 078.55 078.56 pla 
TMPD16 081 .55 081.56 Hcy-si 
TMPD16 084.45 084.46 Hcy-si 
TMPD16 087.40 087.41 Hcy-si 
TMPD16 090.00 090.01 Hcy-si 
TMPD16 091.50 091.51 Hcy-si 
TMPD16 094.00 094.01 Hcy-si 
TMPD16 096.75 096.76 Hsi-cy (pla) 
TMPD16 099.70 099.71 Hsi-cy (pla) 
TMPD16 102.45 102.46 Hsi-cy (pla) 
TMPD16 104.75 104.76 Hsi-cy (pla) 
TMPD16 106.75 106.76 pla 
TMPD16 109.85 109.86 Hcy-si 
TMPD16 111.90 111.91 Hcy-si 
TMPD16 114.60 114.61 Hcy-si 
TMPD16 117.20 117.21 Hcy-si 
TMPD16 119.05 119.06 Hcy-si(pla) 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Min3 Min4 Occurrence Comments 
se PE 
it PE 
it fc PE Cream plus light green clays 
it fc gy PE Cream plus light green clays 
it fc PE Light green plus white clays 
it PE 
it fc PE 
gy FLT White clays in fault breccia matrix 
se PE Light brown clays 
it PE White clays 
it gy fc PE White plus light green clays 
se PE 
it PE White clays 
it PE White clays 
it FLT White clays in ms-fBX (flt-bx) 
dk CV White clay vein 
di ph PE 
di ph PE Light waxy green plus light brown clays 
it ph PE Light waxy green plus light brown clays 
ph PE White plus light brown clays 
it PE White clays 
it ph PE White clays 
it ph PE 
se PE White plus light brown clays 
se PE White plus light brown clays 
ph dk CV White clay veins (1 mm) 
it ph PE White plus light brown clays 
ph dk PE 
it ph CV White clay vein in Hcy-si altered rock 
ph dk PE White plus light brown clays (perv. alt) 
ph PE 
it PE White clays (pervasively clay altered) 
it d PE White clays (pervasively clay altered) 
it fc PE Pervasive L.gm clays in chl-cy alt pla. 
it PE 
it FLT White clays as fault breccia gouge. 
fc GM 
it PH Pale waxy green clay alt of fd pheno. 
it PH White clay altered fd phenocrysts 
ph PE 
it ph PE White clays in Hcy-si alteration 
it PH Wh cy alt pheno. in gy wkly silic. g/mass. 
it PE White clays in Hcy-si alteration 
it PE Minor white clays in hem. stnd la 
it CV Minor white clays in hem. stnd la 
se PE Light brown plus waxy light green clays 
se PE White clays 
di ph dk PH Cy alt ph. in part acid-leach vuggy Hsi-cy 
di PH White clays after feldspar phenocrysts 
it PE White to light green clays 
it PE White clays 
it ph FLT Pervasive white clays in fault gouge 
it PE Light brown plus white clays 
se PE Light brown plus white clays 
fc it PE Pale areen (chloritic??) 
F3-18 
File 
15T089 
15T090 
15T091 
15T092 
15T093 
15T094 
15T095 
15T096 
15T097 
15T098 
15T099 
15T100 
16T001 
16T002 
16T003 
16T004 
16T005 
16T006 
16T007 
16T008 
16T009 
16T010 
16T011 
16T012 
16T013 
16T014 
16T015 
16T016 
16T017 
16T018 
16T019 
16T020 
16T021 
16T022 
16T023 
16T024 
16T025 
16T025 
16T026 
16T027 
16T028 
16T029 
16T030 
16T031 
16T032 
16T033 
16T034 
16T035 
16T036 
16T037 
16T038 
16T039 
16T040 
16T041 
16T042 
Drill hole From To Litholnav 
TMPD16 122.30 122.31 Hcy-si(pla) 
TMPD16 125.60 125.61 pla 
TMPD16 128.30 128.31 Hcy-si(pla) 
TMPD16 131.00 131 .01 Hcy-si(pla) 
TMPD16 133.70 133.71 Hcy-si(pla) 
TMPD16 135.30 135.31 Hcy-si(pla) 
TMPD16 138.65 138.65 Hcy-si(pla) 
TMPD16 140.95 140.96 Hcy-si(pla) 
TMPD16 143.30 143.31 pla 
TMPD16 147.15 147.16 Hcy-si 
TMPD16 150.00 150.01 Hcy-si 
TMPD16 153.00 153.01 Hcy-si 
TMPD16 156.00 156.01 Hcy-si 
TMPD16 158.90 158.91 Hcy-si 
TMPD16 161.40 161.41 Hcy-si 
TMPD16 164.00 164.01 Hcy-si 
TMPD16 166.20 166.21 pla 
TMPD16 169.50 169.51 pla 
TMPD16 169.50 169.51 pla 
TMPD16 172.30 172.31 Hcy-si(pla) 
TMPD16 175.30 175.31 Hcy-si(pla) 
TMPD16 175.40 175.41 Hcy-si(pla) 
TMPD16 177.35 177.36 Hcy-si(pla) 
TMPD16 180.45 180.46 Hcy-si(pla) 
TMPD16 183.00 183.01 Hcy-si(pla) 
TMPD16 185.00 185.01 Hcy-si(pla) 
TMPD16 188.00 188.01 Hcy-si(pla) 
TMPD16 191 .00 191.01 Hcy-si(pla) 
TMPD16 193.20 193.21 Hcy-si(pla) 
TMPD16 195.65 195.66 Hcy-si(pla) 
TMPD16 198.75 198.76 Hcy-si(pla) 
TMPD16 201.00 201 .01 Hcy-si(pla) 
TMPD16 202.50 202.51 Hcy-si(pla) 
TMPD16 205.10 205.11 Hcy-si(pla) 
TMPD16 208.75 208.76 Hcy-si(pla) 
TMPD16 210.45 210.46 Hcy-si(pla) 
TMPD24 011 .60 011.61 msHBX 
TMPD24 015.05 015.06 msHBX 
TMPD24 024.90 024.91 msHBX 
TMPD24 029.10 029.11 msHBX 
TMPD24 030.75 030.76 msHBX 
TMPD24 034.00 034.01 msHBX 
TMPD24 036.75 036.76 msHBX 
TMPD24 039.40 039.41 msHBX 
TMPD24 039.40 039.41 msHBX 
TMPD24 042.60 042.61 msHBX 
TMPD24 049.50 049.51 msHBX 
TMPD24 051 .00 051 .01 msHBX 
TMPD24 051 .75 051.76 Hsi(mHBX) 
TMPD24 053.20 053.21 msHBX 
TMPD24 057.65 057.66 msHBX 
TMPD24 057 .65 057 .66 msHBX 
TMPD24 061 .70 061 .71 msHBX 
TMPD24 063.65 063.66 Hsi-cy(msHBX) 
TMPD24 065.20 065.21 msHBX 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
se fc PE Pale green (chloritic??) 
fc it PE Pale green (chloritic??) 
it PE Cream clays in Hsi-cy alteration 
it PE White clays 
it PE Light brown to cream clays in Hcy-si alt 
it fc PE 
it fc PE Pale light green clay (chloritic??) 
se PE Pale light green clay (chloritic??) 
it le PE Pale light green clay (chloritic??) 
it fc PE Pale light green clay (chloritic??) 
it PE White clays in Hcy-si alteration 
ii PE While clay alteration 
it fc PE Light green clays 
it ph PE Light grey clays in Hsi-cy alteration 
it CV White clay vein 
ph it PE White clays 
it fc PE Cream coloured clays 
fc GM 
it PH While to cream clays 
it PE White clays 
it le PE Green chloritic 
dk ph CV White clay veins 
it PE 
it fc PE Light green 
fc PE Green chloritic?? 
ii fc gy PE Light brown clay with trace diss. py 
k CV White clay vein 
ii fc PE White and green clays 
it CV Waxy light green clay vein 
k fc PE 
it fc gy PE 
fc gy PE Green chloritic?? 
dk ph CV White clay veins 
dk CV White clay veins 
dk PE Green chloritic?? 
dk it PE Green chloritic?? 
it k PE Creamy white clays 
ii fc GM Pale green clays - weakly oxidised 
it PE Moderate. oxid. wh cy in lerrug tracts 
it PE Creamy white clays - oxidised 
it k PE Pale green - weakly oxidised 
it k PE White clays - weakly oxidised 
it fc HBX Pale green breccia matrix 
ii fc dk HBX Pale green breccia matrix 
it dk CL White clays 
it fc HBX Pale green breccia matrix 
ph it HBX Pale green breccia matrix 
it fc HBX Pale green breccia matrix 
it HBX White clays in silicified breccia matrix 
it fc HBX Perv. white clay alt. in breccia matrix 
it fc HBX Pale green clay in matrix 
it CL White clay 
it fc HBX Pale green and white clays 
ph CL White clay clasts in silicified breccia 
fc GM Green clays in matrix 
F3-19 
File 
16T043 
16T044 
16T045 
16T046 
16T047 
16T048 
16T049 
16T050 
16T051 
16T052 
16T053 
16T054 
16T055 
16T056 
16T057 
16T058 
16T059 
16T060 
16T060 
16T061 
16T063 
16T062 
16T064 
16T065 
16T066 
16T067 
16T068 
16T069 
16T070 
16T071 
16T072 
16T073 
16T074 
16T075 
16T076 
16T077 
24T001 
24T002 
24T003 
24T004 
24T005 
24T006 
24T007 
24T008 
24T008 
24T009 
24T010 
24T011 
24T012 
24T013 
24T014 
24T014 
24T015 
24T016 
24T017 
Drill hole From To Litholoav 
TMPD24 068.00 068.01 msHBX 
TMPD24 071 .20 071 .21 msHBX 
TMPD24 073.00 073.01 msHBX 
TMPD24 074.20 074.21 Hsi-cy(msHBX) 
TMPD24 077.20 077.21 Hsi-cy(msHBX) 
TMPD24 081.40 081.41 vu Hsi 
TMPD24 084.40 084.41 vu Hsi 
TMPD24 088.20 088.21 vu Hsi 
TMPD24 091.10 091.11 vu Hsi 
TMPD24 094.55 094.56 Hcy-si(pla) 
TMPD24 096.90 096.91 pla 
TMPD24 099.30 099.31 pla 
TMPD24 101.85 101.86 pla 
TMPD24 103.90 103.91 pla 
TMPD24 107.65 107.66 pla 
TMPD24 110.25 110.26 Hcy-si 
TMPD24 113.25 113.26 Hcy-si 
TMPD24 117.80 117.81 Hcy-si 
TMPD24 120.65 120.66 Hcy-si 
TMPD24 123.75 123.76 mHBX 
TMPD24 126.20 126.21 mHBX 
TMPD24 129.60 129.61 Hcy-si(mHBX) 
TMPD24 130.90 130.91 mHBX 
TMPD24 133.80 133.81 mHBX 
TMPD24 137.30 137.31 mHBX 
TMPD24 141.30 141.31 mHBX 
TMPD24 144.90 144.91 mHBX 
TMPD24 147.80 147.81 mHBX 
TMPD24 150.85 150.86 Hsi(mHBX) 
TMPD24 153.70 153.71 Hsi-cy(mHBX) 
TMPD24 156.20 156.21 pla 
TMPD24 159.80 159.81 pla 
TMPD24 159.80 159.81 pla 
TMPD24 162.50 162.51 pla 
TMPD24 165.80 165.81 pla 
TMPD24 168.20 168.21 pla 
TMPD24 172.40 172.41 pla 
TMPD24 176.20 176.21 Hcy-si 
TMPD24 180.00 180.01 Hcy-si 
TMPD24 185.40 185.41 cHsi-cy 
TMPD24 187.00 187.01 cHsi-cy 
TMPD24 190.70 190.71 cHsi-cy 
TMPD24 192.60 192.61 Hcy-si 
TMPD24 197.80 197.81 cHsi-cy 
TMPD24 200.00 200.01 cHsi-cy 
TMPD24 203.20 203.21 cHsi-cy 
TMPD24 205.70 205.71 cHsi-cy 
TMPD24 207.80 207.81 cHsi-cy 
TMPD24 211.70 211 .71 cHsi-cy 
TMPD24 213.90 213.91 Hsi-cy(pla) 
TMPD24 216.50 216.51 Hsi-cy(pla) 
TMPD24 219.40 219.41 Hsi-cy(pla) 
TMPD24 221 .00 221 .01 Hsi-cy(pla) 
TMPD24 225.00 225.01 Hcy-si 
TMPD24 229.80 229.81 pla 
Appendix E3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it fc GM Green cy in g/mass plus pale wh pheno 
it fc PH Pale waxy green clay 
ph it PE White clays 
ph it PE White clays 
ph PE White clays 
it PE White clays 
it PE White and brown clays 
it CV White clay fracture in Hsi 
it fc FLT White green clays in fault gouge 
it PE 
it PH White clay altered phenocryst 
it gy PH White clay altered phenocryst 
it fc PH White clay altered phenocryst 
it PH White clay altered phenocryst 
it PH White clay altered phenocryst 
it PH White clay altered phenocryst 
ph it FLT Clay fault gouge 
it FLT Clayey fault gouge 
dk ph PE Weakly oxidised clays 
fc it HBX Pale green hydrothermal breccia matrix 
it PE Pervasive white clays 
ph FLT Fault gouge 
it fc PE 
fc it HBX Pale green clay matrix to breccia 
fc it PE Pale green 
fc it PE Pale green 
it fc PE White green clays 
it fc PE Pale lime green clays 
it PH Pale waxy light green clays 
ph dk PE White clays 
ph it dk PE White clays 
it GM Green clay 
dk PH White clay 
it FLT White clay in fault gouge 
it FLT Fault gouge 
it FLT Fault gouge 
it PH 
dk FLT White clays 
dk FLT White clays 
dk CV White clay vein 
dk ph PE White clays 
ph PE Brown clays 
ph PE White clays 
dk PE White clays 
dk it PE White clays 
ph dk it PE White clays 
ph dk it PE White clays 
dk PE White and pale green clays (irregular) 
ph dk it PE White and pale green clays (irregular) 
mu di PE White and pale green clays (irregular) 
dk it ph PE White clays 
ph it PE White clays 
it PE White clays 
ph dk di PE White clays 
it ph fc PH White clays 
F3-20 
File 
24T018 
24T019 
24T020 
24T021 
24T022 
24T023 
24T024 
24T025 
24T026 
24T027 
24T028 
24T029 
24T030 
24T031 
24T032 
24T033 
24T034 
24T035 
24T036 
24T037 
24T038 
24T039 
24T040 
24T041 
24T042 
24T043 
24T044 
24T045 
24T046 
24T047 
24T048 
24T049 
24T050 
24T051 
24T052 
24T053 
24T054 
24T055 
24T056 
24T057 
24T058 
24T059 
24T060 
24T061 
24T062 
24T063 
24T064 
24T065 
24T066 
24T067 
24T068 
24T069 
24T070 
24T071 
24T072 
Drill hole From To Lithology 
TMPD24 231 .40 231.41 pla 
TMPD24 235.70 235.71 pla 
TMPD24 240.00 240.01 cHsi-cy 
TMPD24 243.20 243.21 cHsi-cy 
TMPD24 246.30 246.31 cHsi-cy 
TMPD24 249.00 249.01 cHsi-cy 
TMPD24 250.30 250.31 cHsi-cy 
TMPD24 254.30 254.31 cHsi-cy 
TMPD24 258.50 258.51 cHsi-cy 
TMPD24 261.50 261 .51 pla 
TMPD24 264.00 264.01 Hsi-cy(pla) 
TMPD24 268.80 268.81 Hsi-cy(pla) 
TMPD24 270.80 270.81 Hsi-cy(pla) 
TMPD24 274.00 274.01 Hsi-cy(pla) 
TMPD24 277.70 277.71 Hsi-cy(pla) 
TMPD24 281 .00 281.01 pla 
TMPD24 281.00 281.01 pla 
TMPD24 284.40 284.41 pla 
TMPD24 288.00 288.01 Hsi-cy(pla) 
TMPD24 291 .00 291 .01 Hsi-cy(pla) 
TMPD24 293.00 293.01 pla 
TMPD24 293.00 293.01 pla 
TMPD24 294 .40 284 .41 pla 
TMPD24 296.10 296.11 pla 
TMPD24 298.90 298.91 Hsi-cy(pla) 
TMPD24 302.10 302.11 Hsi-cy(pla) 
TMPD24 305.00 305.01 Hsi-cy(pla) 
TMPD24 309.00 309.01 Hsi-cy(pla) 
TMPD24 312.70 312.71 Hsi-cy(pla) 
TMPD24 316.70 316.71 Hsi-cy(pla) 
TMPD24 320.00 320.01 pla 
TMPD24 323.90 323.91 pla 
TMPD24 327.40 327.41 Hcy-si(pla) 
TMPD24 330.50 330.51 Hcy-si(pla) 
TMPD24 333.40 333.41 Hcy-si(pla) 
TMPD24 336.00 336.01 pla 
TMPD24 339.00 339.01 pla 
TMPD24 341 .80 341 .81 pla 
TMPD24 344.00 344.01 pla 
TMPD24 347.00 347.01 pla 
TMPD24 350.00 350.01 pla 
TMPD25 009.25 009.26 Hcy(pla) 
TMPD25 009.25 009.26 Hcy(pla) 
TMPD25 012.90 012.91 Hcy(pla) 
TMPD25 015.90 015.91 Hcy(pla) 
TMPD25 018.50 018.51 pla 
TMPD25 021 .90 021.91 pla 
TMPD25 028.50 028.51 pla 
TMPD25 032.50 032.51 pla 
TMPD25 032.50 032.51 pla 
TMPD25 036.90 036.91 Hcy-si(mHBX) 
TMPD25 039.70 039.71 Hcy-si(mHBX) 
TMPD25 042.50 042.51 ms BX 
TMPD25 044.20 044.21 msBX 
TMPD25 047.20 047.21 ms BX 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Min3 Min4 Occurrence Comments 
it PH White clays 
it PH White clays 
it PE White clays 
it cc White clays 
it cc White clays 
ph it PE White clays 
it PE White clays 
it PE White clays 
it cc Light pale green clays 
it fc PE Green and yellow clays 
mu PE 2% malachite 
ph it PE 2% malachite 
ph it PE White clays 
it PE White clays 
it PE Pale green clays 
fc GM Green 
it PH White 
ph it PH White 
it fc PH White clays 
it PH White clays 
fc GM Green 
it fc PH White clay after feldspar 
fc GM Green 
it fc PE 
it PE White clays 
se PH Pale light green clays 
se PH White clays 
it fc PH White clays 
mu PE White clays 
se PE White clays 
se PE White clays 
it PE White clays 
it PE White clays 
it PE White clays 
it PE White clays 
ph it PE 
it PH 
it PE White clays 
it fc PE White clays 
it PE White clays 
it PE White clays 
it PH White clays 
fc GM Green fg groundmass 
it PE Pale green clays 
gy PE Pale green clays 
it PH White clays after feldspar 
it PH White clays 
it PE White and green clays 
it PH White clays after feldspar 
fc GM Green clays (aphanitic) 
ph it PE White to light grey clays (foliated) 
it PE 
ph it PE White clay alt. (pervasive) 
dk PE White clay alt phenocryst (silic. g/mass) 
fc it PE White clays 
F3-21 
File 
24T073 
24T074 
24T075 
24T076 
24T077 
24T078 
24T079 
24T080 
24T081 
24T082 
24T083 
24T084 
24T085 
24T086 
24T087 
24T088 
24T088 
24T089 
24T090 
24T091 
24T092 
24T092 
24T089 
24T093 
24T094 
24T095 
24T096 
24T097 
24T098 
24T099 
24T100 
24T101 
24T102 
24T103 
24T104 
24T105 
24T106 
24T107 
24T108 
24T109 
24T110 
25T001 
25T001 
25T002 
25T003 
25T004 
25T005 
25T006 
25T007 
25T007 
25T008 
25T009 
25T010 
25T011 
25T012 
Drill hole From To Lithology 
TMPD25 050.00 050.01 vuHsi-cy 
TMPD25 052.60 052.61 ms BX 
TMPD25 055.10 055.11 ms BX 
TMPD25 059.80 059.81 ms BX 
TMPD25 062.30 062.31 ms BX 
TMPD25 066.00 066.01 ms BX 
TMPD25 069.30 069.31 ms BX 
TMPD25 072.70 072.71 ms BX 
TMPD25 075.40 075.41 ms BX 
TMPD25 078.40 078.41 ms BX 
TMPD25 078.40 078.41 ms BX 
TMPD25 080.90 080.91 ms BX 
TMPD25 080.90 080.91 ms BX 
TMPD25 082.80 082.81 ms BX 
TMPD25 082.80 082.81 ms BX 
TMPD25 086.50 086.51 ms BX 
TMPD25 089.40 089.41 ms BX 
TMPD25 089.40 089.41 ms BX 
TMPD25 092.40 092.41 ms BX 
TMPD25 092.40 092.41 ms BX 
TMPD25 095.20 095.21 ms BX 
TMPD25 098.20 098.21 Hsi-cy(msBX) 
TMPD25 101.60 101.61 Hsi-cy(msBX) 
TMPD25 103.70 103.71 msBX 
TMPD25 106.60 106.61 msBX 
TMPD25 109.70 109.71 ms BX 
TMPD25 112.70 112.71 ms BX 
TMPD25 112.70 112.71 ms BX 
TMPD25 115.70 115.71 ms BX 
TMPD25 115.70 115.71 ms BX 
TMPD25 118.70 118.71 ms BX 
TMPD25 118.70 118.71 ms BX 
TMPD25 122.20 122.21 ms BX 
TMPD25 122.20 122.21 ms BX 
TMPD25 128.00 128.01 ms BX 
TMPD25 132.30 132.31 msBX 
TMPD25 134.70 134.71 Hsi-cy(msBX) 
TMPD25 137.50 137.51 Hsi-cy(msBX) 
TMPD25 140.00 140.01 pla 
TMPD25 144.00 144.01 pla 
TMPD25 144.00 144.01 pla 
TMPD25 148.60 148.61 pla 
TMPD25 148.60 148.61 pla 
TMPD25 151 .00 151.01 pla 
TMPD25 151.00 151.01 pla 
TMPD25 154.20 154.21 pla 
TMPD25 154.20 154.21 pla 
TMPD25 157.70 157.71 pla 
TMPD25 160.00 160.01 pla 
TMPD25 163.90 163.91 pla 
TMPD25 167.00 167.01 pla 
TMPD25 170.00 170.01 pla 
TMPD25 172.00 172.01 Hsi-cy 
TMPD25 175.00 175.01 Hsi-cy 
TMPD25 178.00 178.01 Hsi-cy 
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Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
dk cc White to waxy lgn clots after pheno. 
fc it PH White clays 
it fc PE White clays 
it PE White clays 
se PE White clays 
se PH Friable silica-clay (white clay after fd) 
it PE White clays 
it PE White clays 
dk PE White clays 
fc GM Pale light green 
it PH White clays after feldspar 
fc GM Light green 
it PH White clays after feldspar 
fc GM Light green 
it PH White clays after feldspar 
it fc PE 
it PH White clay after feldspar 
fc GM Pale green 
fc GM Pale green 
it PH White clay after feldspar 
se PE White clays 
gy fc PE White to cream clay 
it PE 
fc it PE 
it PE White to cream clay 
gy PH White clays in a siliceous groundmass 
fc GM Pale green 
it PH White 
it PH White clay after feldspar 
fc GM Pale green 
it PH White clay after feldspar 
fc GM Pale green 
fc GM Pale green 
it PH White clay after feldspar 
it fc PE Pale green 
it fc PE 
fc it PE 
it fc PH White clay after feldspar 
it fc HBX Green matrix to mHBX 
fc GM Green clay 
it PH White clay 
fc GM Green 
it PH White clay alteration of feldspar 
it PH White clay alteration of feldspar 
fc GM Green 
fc GM Green 
it PH White clay alteration of feldspar 
it PE Light green clays in siliceous rock 
it fc PE Light green clays in siliceous rock 
it PE Light green clays in siliceous rock 
it fc PH White clays 
it fc PH White clays 
dk cc Pale waxy lgn clay clots 
di ph PE Pervasive light brown clays 
dk cc Bn and lgn clay clots 
F3-22 
File 
25T013 
25T014 
25T015 
25T016 
25T017 
25T018 
25T019 
25T020 
25T021 
25T022 
25T022 
25T023 
25T023 
25T024 
25T024 
25T025 
25T026 
25T026 
25T027 
25T027 
25T028 
25T029 
25T030 
25T031 
25T032 
25T033 
25T034 
25T034 
25T035 
25T035 
25T036 
25T036 
25T037 
25T037 
25T038 
25T039 
25T040 
25T041 
25T042 
25T043 
25T043 
25T044 
25T044 
25T045 
25T045 
25T046 
25T046 
25T047 
25T048 
25T049 
25T050 
25T051 
25T052 
25T053 
25T054 
Drillhole From To Litholoav 
TMPD25 179.60 179.61 Hsi-cy 
TMPD25 182.20 182.21 Hsi-cy 
TMPD25 185.90 185.91 Hsi-cy 
TMPD25 186.70 186.71 Hsi-cy 
TMPD25 187.90 187.91 Hsi-cy 
TMPD25 190.00 190.01 la 
TMPD25 194.00 194.01 la 
TMPD25 196.00 196.01 Hcy-si 
TMPD25 198.80 198.81 Hcy-si 
TMPD25 199.05 199.06 Hcy-si 
TMPD25 203.00 203.01 Hcy-si 
TMPD25 207.20 207.21 Hcy-si 
TMPD25 210.60 210.61 Hcy-si 
TMPD25 212.90 212.91 Hcy-si 
TMPD25 214.60 214.61 Hcy-si 
TMPD25 217.60 217.61 pHsi-cy 
TMPD25 220.40 220.41 pHsi-cy 
TMPD25 223.00 223.01 pHsi-cy 
TMPD25 226.30 226.31 pHsi-cy 
TMPD25 229.20 229.21 pHsi-cy 
TMPD25 232.60 232.61 pHsi-cy 
TMPD25 236.00 236.01 cHsi-cy 
TMPD25 238.70 238.71 pHsi-cy 
TMPD25 240.70 240.71 pHsi-cy 
TMPD25 243.75 243. 76 Hcy-si 
TMPD25 245.00 245.01 Hcy-si 
TMPD25 248.20 248.21 pHsi-cy 
TMPD25 250.20 250.21 mHBX 
TMPD25 252.60 252.61 pHsi-cy 
TMPD25 255.95 255.96 pHsi-cy 
TMPD25 258.60 258.61 pHsi-cy 
TMPD25 261.70 261 .71 pHsi-cy 
TMPD25 264.30 264.31 pHsi-cy 
TMPD25 266.85 266.86 pHsi-cy 
TMPD25 269.10 269.11 pHsi-cy 
TMPD25 273.00 273.01 pHsi-cy 
TMPD25 277.75 277. 76 Hcy-si 
TMPD25 282.00 282.01 Hcy-si 
TMPD25 285.00 285.01 Hcy-si 
TMPD25 288.40 288.41 Hcy-si 
TMPD25 293.20 293.21 Hsi-cy 
TMPD25 296.00 296.01 Hsi-cy 
TMPD25 298.40 298.41 Hsi-cy 
TMPD25 300 .40 300 .41 Hsi-cy 
TMPD25 303.00 303.01 pla 
TMPD25 305.60 305.61 pla 
TMPD25 308.60 308.61 pla 
TMPD25 312.00 312.01 Hsi-cy 
TMPD25 315.85 315.86 DI 
TMPD25 318.00 318.01 DI 
TMPD25 321 .00 321.01 DI 
TMPD25 323.20 323.21 DI 
TMPD25 326.80 326.81 cHsi-cy 
TMPD25 329.85 329.86 cHsi-cy 
TMPD25 331 .90 331.91 cHsi-cy 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
dk HBX mHBX matrix 
dk PE 
ph di PE Clay clots (pgn) after feldspar 
di CV Clay vein overprinting H-S silicification 
dk CV Clay vein overprinting H-S silicification 
it fc PE Green 
it fc PE Green 
di dk PH Pale light green (in siliceous pla g/mass) 
dk CV Clay vein OP grey porphyry quartz vein 
di dk PE Brown and pale lgn clays 
di ph PE Light cream clay 
ph dk PE White clays 
dk PE White clays 
ph PE White clays 
it PE White clays 
ph dk PE Light grey 
dk di PE Light grey 
ph dk PE White clays 
it CV Light waxy pale green clay 
ph di ccs Trc enargite in 8 mm clay clot 
dk PH Light green and brown clays 
ph di dk PE White clays 
di ph PE White clays 
dk CV White clays 
di ph PE White clays 
ph di CV White clays 
ph di PE White clays 
dk di ccs Trc en-cc spots 
di ph dk PE White clays 
di dk PE White clays 
dk vu White clays 
it PE White clays 
di PE White clays 
ph di PH White clays 
dk CV White clays 
it PE White clays 
dk PE White clays 
gy FLT White clays 
it PE White clays 
se PE White clays 
se PE White clays 
it PE White clays 
se PE White clays 
mu PE White clays 
it PE White clays 
it PH White clays 
it GM Pale creamy yellow clays 
se PE White plus brown clays 
se PE White clays 
it fc cc White clays 
se ccs White clays with trace pyrite 
it PE White clays 
mu ccs Py plus cc? in clay clots 
mu ccs Py plus cc? in clay clots 
mu ccs 
F3-23 
Fiie 
25T055 
25T056 
25T057 
25T058 
25T059 
25T060 
25T118 
25T061 
25T062 
25T063 
25T064 
25T065 
25T066 
25T067 
25T068 
25T069 
25T070 
25T071 
25T072 
25T073 
25T074 
25T075 
25T076 
25T077 
25T078 
25T079 
25T080 
25T081 
25T082 
25T083 
25T084 
25T085 
25T086 
25T087 
25T088 
25T089 
25T090 
25T091 
25T092 
25T093 
25T094 
25T095 
25T096 
25T097 
25T098 
25T099 
25T100 
25T101 
25T102 
25T103 
25T104 
25T105 
25T106 
Drill hole From To Lithology 
TMPD25 334.75 334.76 cHsi-cy 
TMPD25 337.60 337.61 DI 
TMPD25 341.70 341.71 DI 
TMPD25 343. 70 343. 71 DI 
TMPD25 348.00 348.01 cHsi-cy 
TMPD25 350.50 350.51 cHsi-cy 
TMPD25 353.30 353.31 cHsi-cy 
TMPD25 356.50 356.51 cHsi-cy 
TMPD25 361 .00 361.01 Hey 
TMPD25 363.00 363.01 Hey 
TMPD25 365.00 365.01 Hey 
TMPD26 024.05 024.06 cHBX 
TMPD26 026.50 026.51 cHBX 
TMPD26 033.02 033.03 cHBX 
TMPD26 033.02 033.03 cHBX 
TMPD26 043.35 043.36 cHBX 
TMPD26 047.25 047.26 cHBX 
TMPD26 047.25 047.26 cHBX 
TMPD26 050.95 050.96 cHBX 
TMPD26 050.95 050.96 cHBX 
TMPD26 053.45 053.46 cHBX 
TMPD26 053.45 053.46 cHBX 
TMPD26 055.45 055.46 cHBX 
TMPD26 055.45 055.46 cHBX 
TMPD26 058.50 058.51 cHBX 
TMPD26 060.90 060.91 cHBX 
TMPD26 060.90 060.91 cHBX 
TMPD26 063.95 063.96 vc-BX 
TMPD26 068.20 068.21 vc-BX 
TMPD26 068.20 068.21 vc-BX 
TMPD26 070.95 070.96 vc-BX 
TMPD26 073.65 073.66 mHBX 
TMPD26 076.65 076.66 mHBX 
TMPD26 081 .10 081.11 mHBX 
TMPD26 081.80 081.81 mHBX 
TMPD26 082.45 082.46 mHBX 
TMPD26 084.30 084.31 mHBX 
TMPD26 086.35 086.36 vuHsi(mHBX) 
TMPD26 088.90 088.91 Hcy(mHBX) 
TMPD26 093.10 093.11 mHBX 
TMPD26 095.80 095.81 mHBX 
TMPD26 098. 70 098. 71 pla 
TMPD26 102.15 102.16 pla 
TMPD26 103.20 103.21 pla 
TMPD26 103.95 103.96 pla 
TMPD26 105.80 105.81 mHBX 
TMPD26 107.70 107.71 mHBX 
TMPD26 107.70 107.71 mHBX 
TMPD26 109.45 109.46 Hsi-cy 
TMPD26 111 .05 111 .06 Hsi-cy 
TMPD26 112.70 112.71 mHBX 
TMPD26 114.60 114.61 Hcy-si 
TMPD26 116.90 116.91 Hcy-si 
TMPD26 119.10 119.11 pla 
TMPD26 119.85 119.86 Hsi 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Mln3 Mln4 Occurrence Comments 
mu ccs 3-8mm white clay clots 
se PE White clays 
it fc PE Pale light green 
se PE 
se ccs Py plus Cpy spots in creamy clay clots 
se ccs Py plus Cpy spots in creamy clay clots 
se PE White clays 
it PE White clays 
it FLT White clayey fault gouge 
se FLT White clayey fault gouge 
ii FLT White clayey fault gouge 
it PE White clay (weathering?) 
ph dk PE White clay (weathering?) 
it CL White clay 
fc HBX Pale green oxid breccia matrix 
mu it PE White clay 
fc HBX Pale green matrix 
it PH White clay - ex feldspar 
fc HBX Green clay 
it CL White clay 
fc HBX Green clay 
it CL White clay 
fc HBX Green clay 
it CL White clay 
fc HBX Green clay 
fc HBX Green clay 
it CL White clay 
it fc PE 
fc PE Green clay 
se CL Yellow clay 
se fc PE Khaki green 
it dk ph PE White cream clays 
ph dk PE Cream and brown clays 
dk PE White clay 
dk PE Light green to white clays 
dk CV Waxy light green clay 
it fc CL Cream yellow clay 
dk PH White clay 
dk ph PE Cream clays 
it PH White clay 
it PH White clay 
it PE Creamy white clays 
dk ph PE Light brown clays 
dk CV Waxy light green clay 
dk CV Waxy light green clay 
di PH Waxy light green clay 
ph dk CV White clay 
ph PH White clay 
ph PE White clay 
ph CV White clay (assoc. with py + en) 
dk CV White clay 
dk CV Waxy light green clay 
dk PE White cream clay 
ph PH White clay 
dk ph vu White clay (ex-phenocryst) 
F3-24 
File 
25T107 
25T108 
25T109 
25T110 
25T111 
25T112 
25T113 
25T114 
25T115 
25T116 
25T117 
26T001 
26T002 
26T003 
26T003 
26T004 
26T005 
26T005 
26T006 
26T006 
26T007 
26T007 
26T008 
26T008 
26T010 
26T009 
26Toog 
26T011 
26T012 
26T012 
26T013 
26T014 
26T015 
26T016 
26T017 
26T018 
26T019 
26T020 
26T021 
26T022 
26T023 
26T024 
26T025 
26T026 
26T027 
26T028 
26T030 
26T029 
26T031 
26T034 
26T032 
26T033 
26T035 
26T036 
26T037 
Drillhole From To Litholoav 
TMPD26 124.30 124.31 Hsi-cy 
TMPD26 125.15 125.16 Hsi-cy 
TMPD26 127.55 127.56 pla 
TMPD26 130.20 130.21 pla 
TMPD26 130.20 130.21 pla 
TMPD26 132.05 132.06 pla 
TMPD26 136.50 136.51 mHBX 
TMPD26 139.00 139.01 Hsi-cy(pla) 
TMPD26 141 .60 141 .61 Hsi-cy(pla) 
TMPD26 146.10 146.11 Hsi-cy(pla) 
TMPD26 148.60 148.61 pla 
TMPD26 153.10 153.11 Hcy(pla) 
TMPD26 155.50 155.51 Hcy(pla) 
TMPD26 156.85 156.86 pla 
TMPD26 159.70 159.71 Hcy-si(pla) 
TMPD26 163.50 163.51 Hcy-si(pla) 
TMPD26 166.50 166.51 Hcy-si(pla) 
TMPD26 170.65 170.66 Hcy-si(pla) 
TMPD26 174.40 174.41 Hcy-si(pla) 
TMPD26 176.05 176.06 Hcy-si(pla) 
TMPD26 180.40 180.41 Hcy-si(pla) 
TMPD26 182.00 182.01 Hcy-si(pla) 
TMPD26 185.10 185.11 Hcy-si(pla) 
TMPD26 189.90 189.91 Hcy-si(pla) 
TMPD26 192.50 192.51 Hcy-si(pla) 
TMPD26 195.10 195.11 Hcy-si(pla) 
TMPD26 196.30 196.31 Hcy-si(pla) 
TMPD26 200.00 200.01 Hcy-si(pla) 
TMPD26 203.05 203.06 Hsi-cy(pla) 
TMPD26 206.50 206.51 Hsi-cy(pla) 
TMPD26 208.00 208.01 Hsi-cy(pla) 
TMPD26 209.25 209.26 Hsi-cy(pla) 
TMPD26 211 .50 211 .51 Hsi-cy(pla) 
TMPD26 212.10 212.11 Hsi-cy(pla) 
TMPD26 215.20 215.21 Hsi-cy(pla) 
TMPD26 216.90 216.91 Hcy-si 
TMPD26 219.55 219.56 cHsi-cy 
TMPD26 223.10 223.11 cHsi-cy 
TMPD26 223.30 223.31 cHsi-cy 
TMPD26 227.25 227 .26 cHsi-cy 
TMPD26 228.55 228.56 cHsi-cy 
TMPD26 231 .55 231 .56 cHsi-cy 
TMPD26 235.20 235.21 Hsi-cy(pla) 
TMPD26 241 .80 241 .81 Hsi-cy(pla) 
TMPD26 247.70 247.71 Hsi-cy(pla) 
TMPD26 250.70 250.71 Hsi-cy(pla) 
TMPD26 251 .85 251 .86 Hsi-cy(pla) 
TMPD26 254.40 254.41 Hsi-cy(pla) 
TMPD26 258.10 258.11 Hsi-cy(pla) 
TMPD26 259.95 259.96 Hsi-cy(pla) 
TMPD26 261.00 261 .01 Hsi-cy(pla) 
TMPD26 263.95 263.96 Hsi-cy(pla) 
TMPD26 267.50 267.51 Hsi-cy(pla) 
TMPD26 269.35 269.36 Hsi-cy(pla) 
TMPD26 274.00 274.01 Hsi-cy(plal 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Min: Mln4 Occurrence Comments 
ph PE Yellow clays 
dk CV White clay 
it PH Light brown (oxidised) 
fc GM Green 
it ph dk PH White clay 
it PH Waxy light green clays 
se PE White clay 
ph it CV White clay 
di PH White clay 
ph dk PE White clay in fault gouge 
ph dk PH White 
se PE White clay 
se PE White brown clays 
fc it PE 
it PE Cream clays 
it PE Tan to cream clays 
it PE Cream clays 
it PE Cream and light green clays 
it ph PE Tan clays 
ph dk PE 
ph PE 
ph PE 
it ph PE 
se PH Tan clays 
ph PE White clay 
ph it PE Light grey and tan clays 
it PE White clay 
it PE 
ph PE Light brown clay 
dk CV White clay 
ph it PE Light green white clays 
dk CV White clay 
dk CV White clay 
ph it dk PE 
ph dk gy PE White clay gouge 
ph dk it PE White clay in fault gouge 
ph dk it cc Yellow clay 
ph it cc Yellow clay 
dk CV Pale waxy light green clay 
dk CV Pale waxy light green clay 
ph it cc Yellow clay 
ph it cc Yellow clay 
ph PH White clay 
dk PE Pale waxy light green clay 
ph dk di PH Pale white clay 
dk CV White clay 
di ph dk PE Pale white clay 
di ccs White brown clay 
di dk CV Waxy light blue/green clay 
di dk cc Pale white clay 
ph dk CV Light green white waxy clay 
di dk ccs Off-white clay 
ph it dk PE Off-white clay 
di ph ccs Off-white clay 
ph dk CV Waxv liaht blue white clay 
F3-25 
File 
26T038 
26T039 
26T040 
26T041 
26T041 
26T042 
26T043 
26T044 
26T045 
26T046 
26T047 
26T048 
26T049 
26T050 
26T051 
26T052 
26T054 
26T053 
26T055 
26T056 
26T057 
26T058 
26T059 
26T060 
26T061 
26T062 
26T063 
26T064 
26T065 
26T066 
26T067 
26T068 
26T069 
26T070 
26T071 
26T072 
26T073 
26T074 
26T075 
26T076 
26T077 
26T078 
26T079 
26T080 
26T081 
26T083 
26T082 
26T084 
26T085 
26T086 
26T087 
26T088 
26T089 
26T090 
26T091 
Orlllhole From To Lithology 
TMPD26 276.18 276.19 Hcy-si(pla) 
TMPD26 276.65 276.66 Hcy-si(pla) 
TMPD26 280.50 280.51 Hcy-si(pla) 
TMPD26 284.50 284.51 Hsi-cy(pla) 
TMPD26 290.00 290.01 Hsi-cy(pla) 
TMPD26 293.60 293.61 Hsi-cy(pla) 
TMPD26 298.30 298.31 Hsi-cy(pla) 
TMPD26 300.15 300.16 Hsi-cy(pla) 
TMPD26 303.10 303.11 Hsi-cy(pla) 
TMPD26 308.60 308.61 Hsi-cy(pla) 
TMPD26 311.60 311.61 Hsi-cy(pla) 
TMPD26 314.60 314.61 Hsi-cy(pla) 
TMPD26 315.40 315.41 Hsi-cy(pla) 
TMPD26 317.08 317.09 pla 
TMPD26 318.60 318.61 pla 
TMPD26 322.80 322.81 Hsi-cy(pla) 
TMPD26 325.00 325.01 pla 
TMPD26 329.00 329.01 pla 
TMPD26 331.00 331 .01 pla 
TMPD26 331.90 331.91 pla 
TMPD26 336.25 336.26 Hsi-cy(pla) 
TMPD26 341 .05 341 .06 Hsi-cy(pla) 
TMPD26 344.05 344.06 Hsi-cy(pla) 
TMPD26 345.80 345.81 Hsi-cy(pla) 
TMPD26 349.00 349.01 Hsi-cy(pla) 
TMPD26 354.20 354.21 Hsi-cy(pla) 
TMPD26 358.20 358.21 pla 
TMPD26 363.00 363.01 Hsi-cy(pla) 
TMPD26 368.00 368.01 Hsi-cy(pla) 
TMPD26 373.10 373.11 Hsi-cy(pla) 
TMPD26 377 .00 377 .01 Hsi-cy(pla) 
TMPD26 381.00 381.01 Hsi-cy(pla) 
TMPD26 385.00 385.01 Hsi-cy(pla) 
TMPD26 391.60 391 .61 Hsi-cy(pla) 
TMPD26 397 .90 397 .91 Hsi-cy(pla) 
TMPD26 401.00 401.01 Hsi-cy(pla) 
TMPD26 406.85 406.86 Hsi-cy(pla) 
TMPD26 410.00 410.01 Hsi-cy(pla) 
TMPD26 415.00 415.01 Hsi-cy(pla) 
TMPD26 417.80 417.81 Hsi-cy(pla) 
TMPD26 421 .85 421.86 Hsi-cy(pla) 
TMPD26 424.90 424.91 pla 
TMPD31 005.40 005.41 cHsi-cy 
TMPD31 007.05 007.06 cHsi-cy 
TMPD31 012.65 012.66 cHsi-cy 
TMPD31 017.40 017.41 pla 
TMPD31 022.20 022.21 pla 
TMPD31 024.45 024.46 pla 
TMPD31 027.40 027.41 pla 
TMPD31 032.15 032.16 cHsi-cy 
TMPD31 033.25 033.26 ipla 
TMPD31 035.90 035.91 ipla 
TMPD31 037.12 037.13 ipla 
TMPD31 037.12 037.13 ipla 
TMPD31 039.05 039.06 ipla 
Appendix E3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
ph PE Off-white clay 
ph dk CV White clay 
ph dk PE Off-white clay 
dk ph PE Pale light green clay 
it PE Light white green clay 
gy it PH White clays 
gy CV White clay I gypsum? 
se gy PE Light brown clays 
se gy PE Pale white clays 
di ph PE Tan and cream clays 
ph gy PE Tan and cream clays 
ph gy PE 
gy it PE Tan and white clays 
fc it PE Green 
it PE Green and cream 
it PE White plus creamy tan clays 
fc it PE Green plus waxy green yellow clays 
ph gy PE Tan plus cream clays 
fc it gy PE Yellow plus green clays 
fc gy PE Yellow cream clays 
ph gy PE Tan plus white clays 
ph gy PE Tan plus light green clays 
se PE Tan clays 
gy se PE White clay 
gy fc it PE Cream coloured clay 
ph gy PE Tan clay 
gy fc PE Green (chlorite?) 
gy se PE Tan plus cream clays 
ph PE 
ph gy PE White and brown clays 
se PE White and brown clays 
se gy PE White and brown clays 
se gy PE White and brown clays 
ph gy PE White and brown clays 
di PH Yellow clays 
al ph PE 
ph gy PE White and brown clays 
ph PE White and brown clays 
ph it PE White clay 
ph PE Yellow-cream clay 
ph gy PE Yellow clay 
fc PE Yellow to lime green clay 
k CV Clay-Pyrite 
ph cc 
ph it cc 
fc it GM Pervasive 
it mm GM Pervasive 
it CV 
it GM Pervasive 
it cc 
fc GM Pervasive 
fc GM Green-pervasive 
it fc PH White 
fc it GM Green-pervasive 
fc it PE Green 
F3-26 
File 
26T093 
26T092 
26T094 
26T095 
26T096 
26T097 
26T098 
26T099 
26T100 
26T101 
26T102 
26T103 
26T104 
26T105 
26T106 
26T107 
26T108 
26T109 
26T113 
26T110 
26T114 
26T111 
26T112 
26T115 
26T116 
26T117 
26T118 
26T119 
26T120 
26T121 
26T122 
26T123 
26T124 
26T125 
26T126 
26T127 
26T128 
26T129 
26T130 
26T131 
26T132 
26T133 
31T016 
31T008 
31T010 
31T017 
31T003 
31T011 
31T006 
31T073 
31T015 
31T005 
31T007 
31T007 
31T014 
Drill hole From To Lithology 
TMPD31 041.00 041.01 pla 
TMPD31 046.10 046.11 pla 
TMPD31 048.40 048.41 pHsi-<:y 
TMPD31 048.40 048.41 pHsi-<:y 
TMPD31 051 .80 051.81 pla 
TMPD31 051 .80 051 .81 pla 
TMPD31 053.85 053.86 pla 
TMPD31 053.85 053.86 pla 
TMPD31 054.60 054.61 pHsi-<:y 
TMPD31 054.60 054.61 pHsi-<:y 
TMPD31 054. 75 054.76 pHsi-<:y 
TMPD31 055.97 055.98 pla 
TMPD31 055.97 055.98 pla 
TMPD31 058.10 058.11 pla 
TMPD31 058.10 058.11 pla 
TMPD31 061 .10 061.11 pHsi-<:y 
TMPD31 061.90 061.91 pla 
TMPD31 064.30 064.31 pla 
TMPD31 066.90 066.91 pla 
TMPD31 067.00 067.01 pla 
TMPD31 067.00 067.01 pla 
TMPD31 067.40 067.41 pHsi-<:y 
TMPD31 071 .00 071 .01 pla 
TMPD31 071.00 071.01 pla 
TMPD31 074.00 074.01 pHsi-<:y 
TMPD31 076.80 076.81 pla 
TMPD31 084.50 084.51 pHsi-<:y 
TMPD31 086.20 086.21 pHsi-<:y 
TMPD31 089.90 089.91 pla 
TMPD31 089.90 089.91 pla 
TMPD31 093.30 093.31 cHsi-cy 
TMPD31 094.80 094.81 cHsi-cy 
TMPD31 104.40 104.41 pla 
TMPD31 109.03 109.04 pla 
TMPD31 110.50 110.51 pla 
TMPD31 111.70 111.71 pla 
TMPD31 113.30 113.31 pla 
TMPD31 115.00 115.01 pla 
TMPD31 115.40 115.41 pla 
TMPD31 117.15 117.16 pla 
TMPD31 118.65 118.66 cHsi-cy 
TMPD31 121 .35 121.36 cHsi-cy 
TMPD31 121.35 121.36 cHsi-cy 
TMPD31 124.85 124.86 cHsi-cy 
TMPD31 127.35 127.36 cHsi-cy 
TMPD31 128.60 128.61 cHsi-cy 
TMPD31 134.00 134.01 pHsi-<:y 
TMPD31 134.40 134.41 pHsi-<:y 
TMPD31 140.10 140.11 pHsi-<:y 
TMPD31 141 .75 141 .76 pHsi-<:y 
TMPD31 142.25 142.26 pHsi-<:y 
TMPD31 144.05 144.06 pHsi-<:y 
TMPD31 148.70 148.71 pHsi-<:y 
TMPD31 153.40 153.41 pHsi-<:y 
TMPD31 157.90 157.91 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Mln3 Mln4 Occurrence Comments 
it PH Light green 
dk it PH White 
mu PH White/yellow clay alt of plag phenocrysts 
it PH Tan brown alt of hornblende phenocrysts 
fc GM Dark green 
it fc PH White 
fc GM Green 
it PH White/yellow alt of plag 
it PH Tan alt of hornblende 
it PH White clay altered plag 
dk CV Cross-cuts tuffisite dyke 
fc GM Green 
it PH White/yellow alt of plag 
fc GM Green 
it PH Yellow/white 
it vu White clay 
it PH White clay alt plag 
it PH White clay alt plag 
fc it PE Green alt envelope on margins of Hsi-cy 
it PH White clay after plag 
it PH Yellow clay after plag 
it PH White clay after plag in Hsi-cy 
fc GM Pale green 
it dk PH White clay after plag 
it PH White clay after plag 
it PH Yellow 
it PE White clay 
it PE White clay 
fc GM Pale green 
it PH White clay 
ph di cc White 
al di cc White 
dk CV White clay 
ph di PH White clay 
ph di cc White clay 
dk CV Late stage fracture-white clay 
ph di CV White clay - postdates pyrite stringers 
dk CV White clay - postdates pyrite stringers 
dk CV White clay - postdates Qz-Py stringer 
k dk PH White clay 
ph di cc White clay 
dk CV Overprinting waxy pale green clay 
di cc White clay 
dk cc White clay 
ph di cc White clay 
ph di cc White clay 
ph di ccs White clay + enargite spots 
dk CV Waxy pale green clay 
dk CV Waxy pale green clay 
dk CV White clay 
ph CVS White clay 
ph PE Yellow clay 
dk CV Waxy pale green clay 
k PE Light brown alteration 
it d PE Alt halo to py-bn fracture vein 
F3-27 
File 
31T004 
31T009 
31T012 
31T013 
31T001 
31T001 
31T002 
31T002 
31T059 
31T059 
31T056 
31T060 
31T060 
31T063 
31T063 
31T062 
31T055 
31T066 
31T074 
31T050 
31T050 
31T061 
31T075 
31T075 
31T052 
31T048 
31T076 
31T049 
31T049 
31T053 
31T057 
31T058 
31T046 
31T054 
31T051 
31T077 
31T045 
31T067 
31T033 
31T078 
31T079 
31T079 
31T034 
31T039 
31T040 
31T043 
31T036 
31T065 
31T027 
31T022 
31T026 
31T064 
31T021 
31T031 
Drillhole From To Litholoav 
TMPD31 164.80 164.81 pla 
TMPD31 168.65 168.66 pla 
TMPD31 170.45 170.46 pla 
TMPD31 173.40 173.41 pla 
TMPD31 182.90 182.91 pla 
TMPD31 183.10 183.11 pla 
TMPD31 183.25 183.26 pla 
TMPD31 186.80 186.81 pla 
TMPD31 189.80 189.81 Hsi-cy 
TMPD31 191 .00 191 .01 Hsi-cy 
TMPD31 196.80 196.81 pla 
TMPD31 197.00 197.01 pla 
TMPD31 200.60 200.61 pla 
TMPD31 203.10 203.11 pla 
TMPD31 204.90 204.91 pla 
TMPD31 208.20 208.21 pla 
TMPD31 209.65 209.66 pla 
TMPD31 210.20 210.21 pla 
TMPD31 213.70 213.71 pla 
TMPD31 214.35 214.36 pla 
TMPD31 214.35 214.36 pla 
TMPD33 003.60 003.61 pla 
TMPD33 006.05 006.06 pla 
TMPD33 009.46 009.47 pla 
TMPD33 013.00 013.01 pla 
TMPD33 013.01 013.02 pla 
TMPD33 016.41 016.42 pla 
TMPD33 019.65 019.66 pla 
TMPD33 023.31 023.32 pla 
TMPD33 026.30 026.31 pla 
TMPD33 029.20 029.21 pla 
TMPD33 029.21 029.22 pla 
TMPD33 032.30 032.31 pla 
TMPD33 036.00 036.01 pla 
TMPD33 039.00 039.01 pla 
TMPD33 042.25 042.26 pla 
TMPD33 042.26 042.27 pla 
TMPD33 045.20 045.21 pla 
TMPD33 048.30 048.31 ms-cHBX 
TMPD33 052.00 052.01 ms-cHBX 
TMPD33 055.50 055.51 ms-cHBX 
TMPD33 058.60 058.61 ms-cHBX 
TMPD33 061.00 061.01 ms-cHBX 
TMPD33 061.01 061.02 ms-cHBX 
TMPD33 064.25 064.26 ms-cHBX 
TMPD33 066.30 066.31 pla 
TMPD33 069.30 069.31 pla 
TMPD33 069.31 069.32 pla 
TMPD33 075.50 075.51 pla 
TMPD33 078.45 078.46 Hcy-si 
TMPD33 082.30 082.31 pla 
TMPD33 085.00 085.01 Hcy-si 
TMPD33 085.01 085.02 Hcy-si 
TMPD33 088.00 088.01 Hcy-si 
TMPD33 092.40 092.41 Hcy-si 
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Min1 Min2 Min3 Min4 Occurrence Comments 
dk CV White clay 
ph PH White clay 
dk CV White clay 
ph PH White clay 
ph di CV White clay 
dk CV White clay 
ph PH White clay 
ph di CV White clay 
it ph PE Pale yellow clay 
ph PE Pale yellow clay 
ph CV White clay 
ph PE Pale yellow clay 
ph PE Pale yellow clay 
ph PH White clay 
fc it PE Pale yellow clay 
di dk PH White clay 
ph PH Pale yellow clay 
ph CV White clay 
fc it GM Dark green 
fc GM Dark green 
it PH Yellow clay 
sm fc PE Light green clays 
sm PE Light green clays 
sm PH White clay altered feldspar phenocrysts 
sm PH White clay altered feldspar phenocrysts 
fc GM Green clays 
sm PH White clays 
sm PH White clays 
fc PE Pale green clays 
it fc PE White plus green clays 
sm PH White clay altered feldspar phenocrysts 
fc GM Pale green chloritic? groundmass 
gy it PE Pale green to white clays (tract interval) 
sm PE Pale green to white clays (tract interval) 
it fc CV White clays 
it PH White clay altered feldspar phenocrysts 
fc GM Pale green groundmass 
sm CV White clay vein 
it fc PE Pale green clays 
it fc PE Pale green clays 
it PH White clay altered feldspar phenocrysts 
it PE Pale green clays 
sm PH White clay altered feldspar phenocrysts 
fc GM Pale green 
sm fc PE Pale green 
it PE Pale green 
it PH White clays 
fc GM Light green clays 
fc PE Pale green clays 
ph it PE Light green clays 
sm PE Light green clays 
it PH White clay altered feldspar phenocrysts 
fc GM Pale green clays 
it fc k PE 
it FLT Pale oreen fault aouae 
F3-28 
File 
31T024 
31T037 
31T025 
31T032 
31T044 
31T042 
31T020 
31T041 
31T029 
31T030 
31T028 
31T035 
31T018 
31T019 
31T024 
31T068 
31T069 
31T070 
31T072 
31T071 
31T071 
33T001 
33T002 
33T003 
33T004 
33T004 
33T005 
33T006 
33T007 
33T008 
33T009 
33T009 
33T010 
33T011 
33T012 
33T013 
33T013 
33T014 
33T015 
33T016 
33T017 
33T018 
33T019 
33T019 
33T020 
33T021 
33T022 
33T022 
33T023 
33T024 
33T025 
33T026 
33T026 
33T027 
33T028 
Drillhole From To Lithology 
TMPD33 095.40 095.41 Hcy-si 
TMPD33 098.40 098.41 Hcy-si 
TMPD33 100.30 100.31 Hcy-si 
TMPD33 103.10 103.11 Hcy-si 
TMPD33 107.30 107.31 Hcy-si 
TMPD33 114.10 114.11 Hcy-si 
TMPD33 120.05 120.06 Hcy-si 
TMPD33 123.00 123.01 Hcy-si 
TMPD33 126.50 126.51 Hcy-si 
TMPD33 129.40 129.41 Hcy-si 
TMPD33 132.50 132.51 Hcy-si 
TMPD33 135.10 135.11 Hsi-cy 
TMPD33 139.25 139.26 Hcy-si 
TMPD33 142.80 142.81 Hcy-si 
TMPD33 144.00 144.01 Hcy-si 
TMPD33 147.15 147.16 Hsi-<:y 
TMPD33 149.00 149.01 ipla 
TMPD33 152.11 152.12 ipla 
TMPD33 155.60 155.61 ipla 
TMPD33 162.30 162.31 ipla 
TMPD33 162.31 162.32 ipla 
TMPD33 166.95 166.96 Hcy-si 
TMPD33 169.80 169.81 Hcy-si 
TMPD33 171 .55 171.56 Hcy-si 
TMPD33 174.25 174.26 Hcy-si 
TMPD33 177.65 177.66 Hcy-si 
TMPD33 181 .80 181.81 Hcy-si 
TMPD33 181.81 181.82 Hcy-si 
TMPD33 185.00 185.01 Hcy-si 
TMPD33 187.65 187.66 Hcy-si 
TMPD33 190.45 190.46 Hcy-si 
TMPD33 193.45 193.46 Hcy-si 
TMPD33 199.90 199.91 pla 
TMPD33 202.25 202.26 pla 
TMPD33 202.25 202.26 pla 
TMPD33 205.30 205.31 Hcy-si 
TMPD33 208.00 208.01 pla 
TMPD33 211.00 211.01 Hcy-si 
TMPD33 214.80 214.81 Hcy-si 
TMPD33 217.80 217.81 Hcy-si 
TMPD33 220.75 220.76 pla 
TMPD33 223.90 223.91 Hcy-si 
TMPD33 227.40 227 .41 Hcy-si 
TMPD33 230.20 230.21 Hcy-si 
TMPD33 233.25 233.26 Hcy-si 
TMPD33 236.60 236.61 Hcy-si 
TMPD33 239.50 239.51 Hcy-si 
TMPD33 242.40 242.41 Hcy-si 
TMPD33 245.40 245.41 Hsi-<:y 
TMPD33 248.40 248.41 Hsi-cy 
TMPD33 251 .50 251 .51 Hsi-cy 
TMPD33 253.85 253.86 Hsi-<:y 
TMPD33 257 .00 257 .01 Hsi-<:y 
TMPD33 259.80 259.81 Hsi-cy 
TMPD33 262.05 262.06 Hcy-si 
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Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
it PE Pale light green clays 
it fc PE Pale light green clays 
sm fc PE Dari< green chlorite + epidote?? 
sm fc PE Dari< green chlorite + epidote?? 
sm PE 
it fc PE 
it PE 
se PE White to light grey clays 
se ph FLT Puggy white fault gouge 
dk ph PH White clay alt fd pheno.in Hsi-<:y alt 
ph it ccs lrreg. white cy clot with Ire diss. py +en?? 
it PE 
sm FLT Fault gouge 
se PE 
ph it CV White clays 
ph it PE Pale waxy green clays 
gy CV White clay vein 
sm fc PE Pale green 
sm PE Pale green 
sm fc PE Pale green (chloritic?) 
gy CV White clay vein 
it CV White clay vein 
it PE Light brown clays 
ph it PE 
dk CV White clays + pervasive brown clays 
gy CV White clay vein 
dk CV White clay vein 
ph PE 
sm PE 
dk CV 1 mm white clay vein 
sm PE White to dar1< green clays 
it ph PE White to dark green clays 
it fc PE Light plus dar1< green clay ( chlorite??) 
fc GM Green clays 
it PH White clay altered feldspar phenocrysts 
it PE Grey plus light cream clays 
it fc PE Green (chlorite?) clay alteration 
it PE 
it PE 
it fc PE 
sm fc PE Green chlorite? plus white clays 
ph PE White plus light grey clays in Hsi-cy alt 
ph PE White clays in Hcy-si altered pla 
se ph PE White clays in Hcy-si altered pla 
ph di PH White clay alt of fd pheno.in Hsi-cy 
se PE 
dk PE Pervasive white clay alteration 
dk FLT White clays in tract and puggy flt gouge 
ph PE White clays in Hsi-<:y altered pla 
ph PE White clays in Hsi-<:y altered pla 
ph PE White clays in Hsi-cy altered pla 
al PE White clays in Hsi-<:y altered pla 
ph dk PE White clays in Hsi-<:y altered pla 
ph dk PE White clays in Hsi-<:y altered pla 
ph dk PE White clays in Hsi-<:y altered pla 
F3-29 
File 
33T029 
33T030 
33T031 
33T032 
33T033 
33T034 
33T035 
33T036 
33T037 
33T038 
33T039 
33T040 
33T041 
33T042 
33T043 
33T044 
33T045 
33T046 
33T047 
33T049 
33T048 
33T050 
33T051 
33T052 
33T053 
33T054 
33T055 
33T056 
33T057 
33T058 
33T059 
33T060 
33T062 
33T063 
33T063 
33T064 
33T065 
33T066 
33T067 
33T068 
33T069 
33T070 
33T071 
33T072 
33T073 
33T074 
33T075 
33T076 
33T077 
33T078 
33T079 
33T080 
33T081 
33T082 
33T083 
Drillhole From To Lithology 
TMPD33 263.60 263.61 Hcy-si 
TMPD33 266.70 266.71 Hcy-si 
TMPD33 269.35 269.36 Hcy-si 
TMPD33 271 .80 271 .81 Hsi-cy 
TMPD33 273.80 273.81 Hsi-cy 
TMPD33 276.80 276.81 Hsi-cy 
TMPD33 280.60 280.61 Hsi-cy 
TMPD33 283.60 283.61 Hsi-cy 
TMPD33 286.30 286.31 Hsi-cy 
TMPD33 289.30 289.31 Hsi-cy 
TMPD33 292.25 292.26 Hsi-cy 
TMPD33 295.20 295.21 Hsi-cy 
TMPD33 298.50 298.51 Hcy-si 
TMPD33 301.15 301 .16 Hcy-si 
TMPD33 304.15 304.16 Hcy-si 
TMPD33 307.15 307.16 Hcy-si 
TMPD33 310.1 5 310.16 Hcy-si 
TMPD33 313.60 313.61 Hcy-si 
TMPD33 316.90 316.91 Hsi-cy 
TMPD33 319.80 319.81 Hsi-cy 
TMPD33 322.85 322.86 Hcy-si 
TMPD33 325.90 325.91 Hcy-si 
TMPD33 329.00 329.01 Hcy-si 
TMPD33 332.35 332.36 Hcy-si 
TMPD33 335.85 335.86 Hcy-si 
TMPD33 338. 75 338. 76 pla 
TMPD33 341.35 341 .36 pla 
TMPD33 344.80 344.81 Hcy-si 
TMPD33 347.85 347.85 Hcy-si 
TMPD33 350.50 350.51 Hcy-si 
TMPD33 353.30 353.31 Hcy-si 
TMPD33 356.50 356.51 Hcy-si 
TMPD33 359.30 359.31 Hcy-si 
TMPD34 006.15 006.16 pla 
TMPD34 009.00 009.01 pla 
TMPD34 012.00 012.01 pla 
TMPD34 015.00 015.01 pla 
TMPD34 018.00 018.01 Hcy-si 
TMPD34 021 .00 021.01 Hcy-si 
TMPD34 024.00 024.01 Hcy-si 
TMPD34 027.00 027.01 pla 
TMPD34 030.00 030.01 pla 
TMPD34 033.00 033.01 pla 
TMPD34 036.00 036.01 Hcy-si 
TMPD34 039.00 039.01 Hcy-si 
TMPD34 042.00 042.01 Hcy-si 
TMPD34 045.00 045.01 Hsi-cy 
TMPD34 048.00 048.01 Hsi-cy 
TMPD34 049.50 049.51 Hsi-cy 
TMPD34 052.50 052.51 Hcy-si 
TMPD34 055.50 055.51 Hcy-si 
TMPD34 058.60 058.61 Hcy-si 
TMPD34 061.70 061 .71 Hcy-si 
TMPD34 064.80 064.81 Hsi-cy 
TMPD34 067 .80 067 .81 Hsi-cy 
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Min1 Min2 Mln3 Mln4 Occurrence Comments 
ph dk PE White clays in Hsi-cy altered pla 
ph dk PE While clays in Hsi-cy altered pla 
ph PE White clays in Hsi-cy altered pla 
ph PE White clays in Hsi-cy altered pla 
ph di PE While clays in Hsi-cy altered pla 
ph FLT White clays in fault gouge 
se ph PH While clay alt Id phenocrysls in Hcy-si 
ph se PH White clay alt Id phenocrysls in Hcy-si 
dk CV 2mm white to pale light green clay vein 
dk PE Pervasive white clay alteration 
ph di PE White clays in Hsi-cy altered pla 
dk di PE White clays in Hsi-cy altered pla 
ph se PE 
mu PE 
se PE While clays in Hsi-cy altered pla 
mu PE White clays in Hsi-cy altered pla 
ph di PE White clays in Hsi-cy altered pla 
ph di se PE White clays in Hsi-cy altered pla 
ph gy PE White powdery clay 
ph di PE 
it gy PE White clays in pla 
it PH Coarse clay alt Id phenocrysts in pla 
gy PH Coarse clay alt Id phenocrysts in pla 
it PE 
sm PE Green clays 
it PH White clay alt stubby (1-3mm) Id pheno. 
ii PH While clay alt stubby (1-3mm) Id pheno. 
ii PE White clay 
gy PE Green plus white clays (plus gypsum?) 
it ph gy PE White to creamy light brown clays 
ph PE White to creamy light brown clays 
se PE 
ii gy PE 
sm le PE White spotty clays 
sm le PE Strongly weathered 
it le PE Strongly weathered 
ii le PE Strongly weathered 
it PE Strongly weathered 
it dk PE Strongly weathered 
it le PE Silica-rich with some green clay alt 
it PE Spotty white clays 
it FLT Fault gouge clays 
sm le CV White clay vein 
ii le PE Strong silica alteration 
it PE Strong silica alteration 
it fc PE White clay spots 
ph dk PE White clay alteration 
ph PE White clay alteration 
dk PH White clay alteration 
dk ii PE White plus yellow clay alteration 
it PE White plus yellow clay alteration 
ph dk di PE White Hey 
dk CV Clay vein in white Hey 
dk di CV Clay vein in white Hey 
ph di PE White clay 
F3-30 
File 
33T084 
33T085 
33T086 
33T087 
33T088 
33T089 
33T090 
33T091 
33T092 
33T093 
33T094 
33T095 
33T096 
33T097 
33T098 
33T099 
33T100 
33T101 
33T102 
33T103 
33T104 
33T105 
33T106 
33T107 
33T108 
33T109 
33T110 
33T111 
33T112 
33T113 
33T114 
33T115 
33T116 
34T001 
34T002 
34T003 
34T004 
34T005 
34T006 
34T007 
34T008 
34T009 
34T010 
34T011 
34T012 
34T013 
34T014 
34T015 
34T016 
34T017 
34T018 
34T019 
34T020 
34T021 
34T022 
Drill hole From To Litholoav 
TMPD34 070.70 070.71 Hsi-cy 
TMPD34 073.70 073.71 Hsi-cy 
TMPD34 076.70 076.71 Hcy-si 
TMPD34 079.70 079.71 Hcy-si 
TMPD34 082.80 082.81 Hcy-si 
TMPD34 085.80 085.81 Hcy-si 
TMPD34 088.65 088.66 Hcy-si 
TMPD34 091 .65 091 .66 Hcy-si 
TMPD34 094.95 094.96 Hcy-si 
TMPD34 098.00 098.01 Hcy-si( cs-mHBX} 
TMPD34 100.34 100.35 Hcy-si( cs-mHBX} 
TMPD34 103.60 103.61 Hcy-si 
TMPD34 106.40 106.41 Hcy-si( cs-mHBX} 
TMPD34 109.50 109.51 Hcy-si 
TMPD34 112.65 112.66 Hcy-si(cs-mHBX} 
TMPD34 115.30 115.31 Hcy-si(cs-mHBX} 
TMPD34 118.75 118.76 Hsi 
TMPD34 121.65 121 .66 Hsi 
TMPD34 124.65 124.66 Hsi 
TMPD34 127.50 127.51 Hsi-cy 
TMPD34 130.25 130.26 Hsi 
TMPD34 133.55 133.56 Hsi 
TMPD34 136.55 136.56 Hsi 
TMPD34 140.20 140.21 Hsi 
TMPD34 143.20 143.21 Hsi 
TMPD34 145.80 145.81 Hsi 
TMPD34 152.40 152.41 Hsi 
TMPD34 155.80 155.81 Hsi 
TMPD34 159.00 159.01 Hsi 
TMPD34 162.00 162.01 Hsi 
TMPD34 164.20 164.21 Hsi 
TMPD34 168.50 168.51 Hsi 
TMPD34 171 .65 171 .66 Hsi 
TMPD34 177.70 177.71 Hsi 
TMPD34 180.80 180.81 Hcy-si 
TMPD34 183.80 183.81 cHsi 
TMPD34 187.00 187.01 cHsi 
TMPD34 190.80 190.81 cHsi 
TMPD34 194.10 194.11 cHsi 
TMPD34 197.50 197.51 Hcy-si 
TMPD34 200.15 200.16 Hcy-si 
TMPD34 203.00 203.01 Hsi-cy 
TMPD34 206.00 206.01 Hsi-cy(cs-mHBX-S} 
TMPD34 209.40 209.41 Hsi-cy(cs-mHBX-S} 
TMPD34 212.30 212.31 Hsi-cy 
TMPD34 215.10 215.11 Hsi-cy 
TMPD34 218.00 218.01 Hcy-si(ms-mHBX-S} 
TMPD34 221.40 221.41 Hcy-si 
TMPD34 224.00 224.01 Hsi-cy 
TMPD34 227.80 227.81 Hsi-cy 
TMPD34 230.00 230.01 Hsi-cy 
TMPD34 233.50 233.51 Hey 
TMPD34 236.00 236.01 Hcy-si 
TMPD34 239.00 239.01 Hcy-si 
TMPD34 242.00 242.01 pla 
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Min1 Mln2 Mln3 Min4 Occurrence Comments 
ph dk di PE White clay 
ph di PH Waxy white-green clay alt Id pheno. 
dk it PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
ph PE 
ph dk PE White clay altered pla 
dk CV 1 mm white clay vein 
dk CV 1 mm white clay vein 
dk PE 
dk PE 
dk PE 
dk PE 
dk HBX White clay in breccia matrix 
ph dk di PH White clay altered feldspar phenocrysts 
ph di cc 5-8 mm white clay clot 
dk CV 1 mm white clay vein 
ph PE 
dk cc White clay clot in hydrothermal silica 
dk CV 3mm powdery white clay vein 
dk di PH White clay altered Id phenocryst 
dk CV White to light green clay 
di CV 1 mm white clay vein 
di dk CV 1 mm white clay vein 
dk CV 1 mm white clay vein 
dk CV 1 mm white clay vein 
dk CV 1 mm white clay vein 
dk CV 1mm white clay vein 
dk PE Clay-silica alteration 
dk PE Clay-silica alteration 
dk PE Clay-silica alteration 
dk PE Clay-silica alteration 
dk PE Clay-silica alteration 
it cc 8mm pale white-green clay clot 
it PE White clay 
ph PH White clay altered Id phenocryst 
dk CV White clay vein 
dk ccs Disseminated py + en in clay clot 
dk CV 1 mm white clay vein 
dk CV 1 mm white clay vein 
dk FLT White clay fault gouge 
ph PH White to pale yellow phenocryst 
dk CV White clay veins in Hsi 
dk CV White clay veins in Hsi 
ph di cc White clay clot in HBX 
dk CV Clay veins in Hsi 
it PE White clay spots in Hsi 
it FLT Clay alteration as fault gouge 
it ph PE White to pale yellow clays 
ph PE 
it PE White clay alteration in Hsi 
ph PE White clay alteration in Hsi 
it PH Yellow clay altered phenocrysts 
it PE 
it PE White clay alteration 
it le PE Hsi 
F3-31 
File 
34T023 
34T024 
34T025 
34T026 
34T027 
34T028 
34T029 
34T030 
34T031 
34T032 
34T033 
34T034 
34T035 
34T036 
34T037 
34T038 
34T039 
34T040 
34T041 
34T042 
34T043 
34T044 
34T045 
34T046 
34T047 
34T048 
34T050 
34T051 
34T052 
34T053 
34T054 
34T055 
34T056 
34T058 
34T059 
34T060 
34T061 
34T062 
34T063 
34T064 
34T065 
34T066 
34T067 
34T068 
34T069 
34T070 
34T071 
34T072 
34T073 
34T074 
34T075 
34T076 
34T077 
34T078 
34T079 
Drillhole From To Lithology 
TMPD34 245.00 245.01 pla 
TMPD34 248.00 248.01 Hsi-cy 
TMPD34 251.15 251.16 Hsi-cy 
TMPD34 254.00 254.01 Hsi-cy 
TMPD34 257 .00 257 .01 pla 
TMPD34 260.60 260.61 Hcy-si 
TMPD34 263.10 263.11 Hcy-si 
TMPD34 266.00 266.01 Hcy-si 
TMPD34 269.30 269.31 Hcy-si 
TMPD34 272.00 272.01 Hsi-cy 
TMPD34 275.00 275.01 Hcy-si 
TMPD34 278.00 278.01 Hcy-si 
TMPD34 280.90 280.91 Hcy-si 
TMPD34 283.40 283.41 Hcy-si 
TMPD34 289.00 289.01 Hcy-si 
TMPD34 292.50 292.51 Hcy-si 
TMPD34 295.00 295.01 Hsi-cy 
TMPD34 298.00 298.01 Hsi-cy 
TMPD34 301.00 301.01 Hsi-cy 
TMPD34 304.00 304.01 Hsi-cy 
TMPD34 307.00 307.01 pla(SCC) 
TMPD34 310.00 310.01 pla(SCC) 
TMPD34 313.00 313.01 Hcy-si 
TMPD34 316.00 316.01 Hcy-si 
TMPD34 319.00 319.01 pla(SCC) 
TMPD34 322.00 322.01 pla(SCC) 
TMPD34 324.20 324.21 pla(SCC) 
TMPD34 328.00 328.01 pla(SCC) 
TMPD34 331.00 331.01 pla(SCC) 
TMPD34 334.00 334.01 pla(SCC) 
TMPD34 337.30 337.31 pla(SCC) 
TMPD34 340.00 340.01 pla(SCC) 
TMPD34 344.00 344.01 Hsi-cy 
TMPD34 347.00 347.01 Hsi-cy 
TMPD34 350.00 350.01 pla(SCC) 
TMPD34 353.00 353.01 pla(SCC) 
TMPD34 355.90 355.91 pla(SCC) 
TMPD34 358.00 358.01 pla(SCC) 
TMPD34 361 .00 361.01 pla(SCC) 
TMPD34 364.00 364.01 pla(SCC) 
TMPD34 368.55 368.56 pla(SCC) 
TMPD34 371.60 371.61 pla(SCC) 
TMPD34 373.15 373.16 pla(SCC) 
TMPD34 376.00 376.01 pla(SCC) 
TMPD34 379.50 379.51 pla(SCC) 
TMPD34 382.00 382.01 pla(SCC) 
TMPD34 386.00 386.01 pla(SCC) 
TMPD34 390.90 390.91 pla(SCC) 
TMPD34 394.00 394.01 pla(SCC) 
TMPD34 396.00 396.01 pla(SCC) 
TMPD34 399.00 399.01 Hey 
TMPD35 009.30 009.31 Recent-Ep 
TMPD35 013.20 013.21 Recent-Ep 
TMPD35 018.50 018.51 Recent-Ep 
TMPD35 023.10 023.11 Recent-Ep 
Appendix E3 
Tampakan PIMA II database 
Min1 Mln2 Min3 Mln4 Occurrence Comments 
it PE Hsi 
it ph PH 1-3 mm white clay altered phenocrysts 
it ph PE White clays in Hsi 
it di PE White clays in Hsi 
fc it PE White clays in Hsi 
it PE White clays in Hsi 
it fc PH White and pale green clay phenocryst 
it PE Minor clays 
it fc PE Green and white clay alteration 
it PE White clays 
it FLT Pervasive clay altered fault gouge 
it FLT Pervasive clay altered fault gouge 
ph dk gy CV White clay vein (gypsum???) 
it PE White clays in Hsi 
it gy PE White to pale green clay alteration 
ph PE White to pale green clay alteration 
ph PE Hsi-cy 
ph di PE Minor white clays in Hsi 
it PE Highly oxidised clay 
it PE Altered hydrothermal silica 
se PE Spotty white clays 
it gy PE Spotty white clays 
ii gy PE Spotty white clays 
it PE Spotty white clays 
it fc PE White to pale light blue clay 
it PE Spotty white to yellow clays 
ph gy FLT Altered fault gouge 
it gy PE White to pale green spotty clay alt 
ii fc gy PE White to pale green spotty clay alt 
it ph PE White to pale green spotty clay alt 
ph gy PE White clay 
it gy PE Spotty white clay alteration 
se PE Spotty white clay alteration 
se gy PE Spotty white clay alteration 
se ph PE Spotty white clay alteration 
it gy PE Spotty white clay alteration 
it gy PE Highly altered (white clay) 
it fc PE Spotty white clay alteration 
ph gy PE Spotty white clay alteration 
it gy PE Spotty white clay alteration 
it PE Spotty white clay alteration 
it PE White clays 
it gy PE Highly altered with gypsum vein 
gy PE Altered Hsi with white spotty clays 
it gy PE Altered Hsi with white spotty clays 
it gy PE Altered Hsi with white spotty clays 
it gy PE Altered Hsi with white spotty clays 
it gy PE Altered Hsi with white spotty clays 
mu PE Altered Hsi with white spotty clays 
gy FLT Hsi-cy altered fault breccia 
it PE White clays 
it PE White clay alteration 
ii PE White clay alteration 
ha PE White clay alteration 
ha PE White clav alteration 
F3-32 
File 
34T080 
34T081 
34T082 
34T083 
34T084 
34T085 
34T086 
34T087 
34T088 
34T089 
34T090 
34T091 
34T092 
34T093 
34T094 
34T095 
34T096 
34T097 
34T098 
34T099 
34T100 
34T101 
34T102 
34T103 
34T104 
34T105 
34T106 
34T107 
34T108 
34T109 
34T110 
34T111 
34T112 
34T113 
34T114 
34T115 
34T116 
34T117 
34T118 
34T119 
34T120 
34T121 
34T122 
34T123 
34T124 
34T125 
34T126 
34T127 
34T128 
34T129 
34T130 
35T001 
35T002 
35T003 
35T004 
Drill hole From To Lithology 
TMPD35 032.00 032.01 Recent-Ep 
TMPD35 035.60 035.61 Recent-Ep 
TMPD35 040.00 040.01 Hsi-cy 
TMPD35 044.90 044.91 Hsi-cy 
TMPD35 047.20 047.21 Hsi-cy 
TMPD35 050.70 050.71 Hsi-cy 
TMPD35 055.00 055.01 Hsi(ms-mHBX) 
TMPD35 058.40 058.41 Hsi-cy 
TMPD35 061 .15 061 .16 Hsi(cs-mHBX) 
TMPD35 064.60 064.61 Hsi(cs-mHBX) 
TMPD35 067.40 067.41 Hsi-cy 
TMPD35 070.90 070.91 cHsi-cy 
TMPD35 072.60 072.61 cHsi-cy 
TMPD35 075.50 075.51 cHsi-cy 
TMPD35 078.10 078.11 cHsi-cy 
TMPD35 081 .00 081 .01 Hsi-cy 
TMPD35 084.50 084.51 Hcy-si 
TMPD35 087 .20 087 .21 Hcy-si 
TMPD35 090.90 090.91 Hcy-si 
TMPD35 093.40 093.41 Hcy-si 
TMPD35 095.90 095.91 Hcy-si 
TMPD35 098.35 098.36 Hey 
TMPD35 101.25 101 .26 Hey 
TMPD35 104.00 104.01 Hey 
TMPD35 107.00 107.01 pla 
TMPD35 110.00 110.01 Hcy-si 
TMPD35 113.00 113.01 Hcy-si 
TMPD35 116.00 116.01 Hcy-si 
TMPD35 119.05 119.06 Hcy-si 
TMPD35 122.65 122.66 pla 
TMPD35 125.00 125.01 Hcy-si 
TMPD35 128.00 128.01 Hsi-cy 
TMPD35 131 .15 131.16 Hcy-si 
TMPD35 134.00 134.01 pla 
TMPD35 137.05 137.06 pla 
TMPD35 140.75 140.76 Hcy-si 
TMPD35 143.40 143.41 Hcy-si 
TMPD35 146.05 146.06 Hcy-si 
TMPD35 149.00 149.01 Hcy-si 
TMPD35 152.70 152.71 pla 
TMPD35 155.00 155.01 Hcy-si 
TMPD35 158.80 158.81 Hcy-si 
TMPD35 161 .00 161 .01 Hcy-si 
TMPD35 164.00 164.01 Hcy-si 
TMPD35 167.60 167.61 Hcy-si 
TMPD35 169.70 169.71 Hcy-si 
TMPD35 172.90 172.91 Hsi-cy 
TMPD35 175.50 175.51 Hcy-si 
TMPD35 178.00 178.01 Hcy-si 
TMPD35 181 .80 181 .81 Hcy-si 
TMPD35 184.00 184.01 Hcy-si 
TMPD35 187.70 187.71 cHsi-cy 
TMPD35 190.00 190.01 cHsi-cy 
TMPD35 193.00 193.01 cHsi-cy 
TMPD35 196.70 196.71 cHsi-cy 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it FLT Clays in fault breccia 
it dk BX Oxidised clay in breccia 
ph PH Altered white clay phenocrysts in Hsi 
dk CV White clay vein 
dk CV White clay vein 
dk CV White clay vein 
dk CV White clay vein 
dk CV Clay vein in Hsi 
dk PE White clay spots in Hsi 
dk cc Minor clay clots in Hsi 
ph PE White clay 
ph cc White clay clots 
dk CV Clay vein - white clays 
ph cc Clay clots in weathered Hsi 
ph di PE White clay spots in Hsi 
dk PE White clays in Hsi 
dk CV White clay vein in Hsi 
dk PE White clay spots 
ph dk CV White clay vein 
dk PE Spotty white clay alteration 
dk CV 
dk CV 
ph dk PE Spotty white clays 
it PH White to yellow clay altered phenocryst 
dk PH White clay altered phenocrysts 
dk CV White clay vein 
ph it PE 
it PE 
dk ph PE White clays in Hsi 
it fc PE Green to yellow clays 
it fc PE 
se PE 
it fc PE Spotty white clays 
it fc PH Clay altered fd phenocrysts 
dk PH Clay altered fd phenocrysts 
dk PE White clays 
se PE White clays 
dk PE White clays 
dk PE White clays 
it fc PE White-green clay alteration 
it PE White clay altered feldspar phenocrysts 
it PE White to green clays 
it PE White clays 
dk PE White clays 
dk PE White clays 
dk CV White clay vein in Hsi 
di cc Clotted clays in Hsi 
it PE 
dk CV 
dk CV 
dk PE White clays 
di PE White clays 
it PE White clays 
ph di cc Minor clay clots in Hsi 
it PE White clays in Hsi 
F3-33 
File 
35T007 
35T008 
35T009 
35T010 
35T011 
35T012 
35T013 
35T014 
35T015 
35T016 
35T017 
35T018 
35T019 
35T020 
35T021 
35T022 
35T023 
35T024 
35T025 
35T026 
35T027 
35T028 
35T029 
35T030 
35T031 
35T032 
35T033 
35T034 
35T035 
35T036 
35T037 
35T038 
35T039 
35T040 
35T041 
35T042 
35T043 
35T044 
35T045 
35T046 
35T047 
35T048 
35T049 
35T050 
35T051 
35T052 
35T053 
35T054 
35T055 
35T056 
35T057 
35T058 
35T059 
35T060 
35T061 
Drill hole From To Litholoav 
TMPD35 202.00 202.01 cHsi-cy 
TMPD35 205.85 205.86 cHsi-cy 
TMPD35 208.15 208.16 cHsi-cy 
TMPD35 211 .15 211.16 Hcy-si 
TMPD35 214.20 214.21 cHsi-cy 
TMPD35 217.90 217.91 cHsi-cy 
TMPD35 220.90 220.91 cHsi 
TMPD35 223. 70 223. 71 Hsi-cy( cs-mHBX) 
TMPD35 226.00 226.01 Hsi-cy 
TMPD35 229.90 229.91 pla(SCC) 
TMPD35 232.00 232.01 pla(SCC) 
TMPD35 235.00 235.01 pla(SCC) 
TMPD35 238.00 238.01 pla(SCC) 
TMPD35 241 .00 241.01 Hsi-cy 
TMPD35 244.00 244.01 pla(SCC) 
TMPD35 247.00 247.01 pla(SCC) 
TMPD35 250.00 250.01 pla(SCC) 
TMPD35 253.00 253.01 pla(SCC) 
TMPD35 256.00 256.01 pla(SCC) 
TMPD35 259.00 259.01 pla(SCC) 
TMPD35 262.00 262.01 pla(SCC) 
TMPD35 265.00 265.01 Hcy-si 
TMPD35 268.00 268.01 Hcy-si 
TMPD35 271 .00 271.01 Hcy-si 
TMPD35 27 4.00 27 4.01 Hcy-si 
TMPD35 277 .60 277 .61 Hcy-si 
TMPD35 281 .80 281.81 Hcy-si 
TMPD35 284.20 284.21 Hcy-si 
TMPD35 287.00 287.01 Hcy-si 
TMPD35 290.10 290.11 Hcy-si 
TMPD35 293.00 293.01 Hcy-si 
TMPD35 296.00 296.01 Hcy-si 
TMPD35 299.00 299.01 Hcy-si 
TMPD35 302.00 302.01 Hcy-si 
TMPD35 305.00 305.01 Hcy-si 
TMPD35 308.00 308.01 Hcy-si 
TMPD35 317.25 317.26 Hsi-cy 
TMPD35 320.00 320.01 pla(SCC) 
TMPD35 323.35 323.36 pla(SCC) 
TMPD35 326.00 326.01 Hsi-cy 
TMPD35 329.00 329.01 ipla 
TMPD35 332.00 332.01 Hsi-cy 
TMPD35 335.00 335.01 Hcy-si 
TMPD35 338.00 338.01 Hcy-si 
TMPD35 341.00 341.01 ipla 
TMPD35 344.00 344.01 ipla 
TMPD35 347.00 347.01 Hcy-si 
TMPD35 350.00 350.01 ipla 
TMPD35 353.00 353.01 Hsi-cy 
TMPD40 003.70 003.71 Lcz 
TMPD40 011 .00 011.01 Hsi 
TMPD40 015.00 015.01 Hsi 
TMPD40 019.45 019.46 Hsi 
TMPD40 023.10 023.11 Hsi 
TMPD40 025.90 025.91 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Mln3 Mln4 Occurrence Comments 
dk CV 
it cc Clay clot in Hsi 
ph di PE White clay spots in Hsi 
it PE White clay spots in Hsi 
it PE White clays 
it PE White clays 
it cc Weathered clay clots in Hsi 
gy it PE White clay spots 
gy PE White clay spots 
it gy PE Yellow to green clay alteration 
it gy PE Yellow to green clay alteration 
it fc PE Yellow to green clay alteration 
it fc PE White to green clay alteration 
it PE Spotty white clays 
it gy PE Altered Hsi with gypsum. 
it PE Grey to green clays 
it PE Grey to green clays 
it PE Grey to green clays 
it gy PE Clays associated with gypsum veining 
gy it PE Clays associated with gypsum veining 
it gy PE 3mm white clay spots in Hsi 
it gy PE White clays in Hsi 
it PE White yellow spotty clays 
se PE White and green clay alteration 
it CV Clay vein in Hsi 
it FLT 
se CV Clay vein in Hsi 
se PE Altered white clay spots in Hsi 
it gy PE Altered white clay spots in Hsi 
se PE Altered white clay spots in Hsi 
it PE White to green clay alteration 
it ph PE White to green clay alteration 
it gy PE White to green clay alteration 
it PE White to green clay alteration 
it PE White to green clay alteration 
gy CV 
it gy PE White and green spotty clays 
it gy PE White and green spotty clays 
it gy PE White and green spotty clays 
it gy FLT Fault gouge clays 
it PE White to yellow clays 
gy it cc 
it PE White to yellow clays 
it gy PE White to yellow clays 
it fc PE Green clay altered (chi?) andesite 
gy PE White clays with gypsum 
it gy fc PE White to green spotty clays 
gy it PE White to green spotty clays 
gy it cc Clay clots in Hsi with assoc. gyp vng. 
ph dk PE White silica-clay 
k CV 1 mm white clay vein in Hsi 
dk CV 1 mm white clay vein in Hsi 
ha CV 1 mm white clay vein in Hsi 
se CV 1 mm white clay vein in Hsi 
it PE White Hey alteration 
F3-34 
File 
35T062 
35T063 
35T064 
35T065 
35T066 
35T067 
35T068 
35T069 
35T070 
35T071 
35T072 
35T073 
35T074 
35T075 
35T076 
35T077 
35T078 
35T079 
35T080 
35T081 
35T082 
35T083 
35T084 
35T085 
35T086 
35T087 
35T088 
35T089 
35T090 
35T091 
35T092 
35T093 
35T094 
35T095 
35T096 
35T097 
35T100 
35T101 
35T102 
35T103 
35T104 
35T105 
35T106 
35T107 
35T108 
35T109 
35T110 
35T111 
35T112 
40T001 
40T003 
40T004 
40T005 
40T006 
40T007 
Drill hole From To Litholo11v 
TMPD40 028.90 028.91 Hcy-si 
TMPD40 032.60 032.61 vu Hsi 
TMPD40 035.20 035.21 vu Hsi 
TMPD40 037.80 037.81 Hsi 
TMPD40 041.50 041 .51 vu Hsi 
TMPD40 045.20 045.21 vu Hsi 
TMPD40 057.70 057.71 vu Hsi 
TMPD40 060.70 060.71 cHsi-cy 
TMPD40 063.00 063.01 cHsi-cy 
TMPD40 064.50 064.51 vuHsi(cs-mHBX) 
TMPD40 067.50 067.51 cHsi-cy 
TMPD40 069.60 069.61 cHsi-cy 
TMPD40 072.60 072.61 cHsi-cy 
TMPD40 078.30 078.31 cHsi-cy 
TMPD40 082.90 082.91 cHsi-cy 
TMPD40 084.90 084.91 cHsi-cy 
TMPD40 087.90 087.91 cHsi-cy 
TMPD40 090.80 090.81 cHsi-cy 
TMPD40 093.90 093.91 cHsi-cy 
TMPD40 097.00 097.01 cHsi-cy 
TMPD40 100.00 100.01 Hsi-cy 
TMPD40 103.80 103.81 Hsi-cy 
TMPD40 106.40 106.41 Hsi-cy 
TMPD40 109.10 109.11 Hsi-cy 
TMPD40 112.00 112.01 Hsi-cy 
TMPD40 115.10 115.11 Hcy-si 
TMPD40 118.10 118.11 Hcy-si 
TMPD40 121 .00 121 .01 Hcy-si 
TMPD40 124.50 124.51 Hcy-si 
TMPD40 128.00 128.01 Hcy-si 
TMPD40 131 .10 131 .11 Hcy-si 
TMPD40 134.10 134.11 Hcy-si 
TMPD40 137.10 137.11 Hcy-si 
TMPD40 140.10 140.11 Hcy-si 
TMPD40 140.70 140.71 Hcy-si 
TMPD40 143.10 143.11 Hcy-si 
TMPD40 146.30 146.31 Hsi-cy 
TMPD40 147.70 147.71 Hsi-cy 
TMPD40 149.30 149.31 Hcy-si 
TMPD40 152.30 152.31 Hcy-si 
TMPD40 155.10 155.11 Hcy-si 
TMPD40 156.40 156.41 Hcy-si 
TMPD40 156.80 156.81 Hsi-cy 
TMPD40 158.30 158.31 Hsi-cy 
TMPD40 159.80 159.81 Hsi-cy 
TMPD40 162.70 162.71 Hsi-cy 
TMPD40 162.80 162.81 Hsi-cy 
TMPD40 165.70 165.71 Hsi-cy 
TMPD40 165.80 165.81 Hsi-cy 
TMPD40 168.00 168.01 Hsi-cy 
TMPD40 171 .00 171 .01 Hsi-cy 
TMPD40 172.50 172.51 Hsi-cy 
TMPD40 174.00 174.01 Hsi-cy 
TMPD40 177.00 177.01 Hsi-cy 
TMPD40 179.10 179.11 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ii ph PE While Hey alteration 
ii PE While clays in friable clay-silica 
ii cc White clay clot (3mm) in Hsi 
ph se cc White clay clot (3mm) in Hsi 
dk cc 
ph dk PE Oxidised 
ii PH Residual clay alt fd phenocrysls in Hsi 
dk CV 2mm powdery white clay vein 
ph dk PE 
dk di cc 
di ph cc 
dk ccs Trace chalcocite in clay clots 
ph PE 
dk cc 
dk cc 
dk di ccs Diss. fmg chalcocite in clay clots 
dk di ccs Diss. fmg chalcocite in clay clots 
ph dk di PE White clay 
ph dk PE White clay 
dk di PE 
di dk CV 1 mm while clay vein 
dk ccs Trace cc or en? in clay clots 
dk di PE 
ph dk CV 1 mm white clay vein 
dk PE 
di ph dk PE White clay 
ph dk PE White clay 
di dk PE White clay 
dk PE White clay 
dk PE While clay with secondary Cu-oxides 
dk PE 
dk di PE 
dk PE White clays in Hsi-cy 
dk PE White clays in Hsi-cy 
dk CV OP Hsi-cy alt. and grey Qtz veins 
dk PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
ph ccs Clots have shp marg. irreg. shapes 
dk CV 3mm white clay vein in Hcy-si 
ph dk di PE White clays 
ph dk PE 
dk CV Logged as gypsum - poor spectrum 
dk PE White clays 
dk PH After feldspar 
dk PE White clays 
dk PE 
dk PE White clays 
dk k ccs Clay altered feldspar phenocrysts? 
dk di PE White clays 
di dk PE White clays 
di dk PE White clays 
dk PH After feldspar 
se PE White clays 
di PE White clays 
mu PE Expected dickite/kaolinite 
F3-35 
File 
40T008 
40T009 
40T010 
40T011 
40T012 
40T013 
40T016 
40T017 
40T018 
40T019 
40T020 
40T021 
40T022 
40T024 
40T025 
40T026 
40T027 
40T028 
40T029 
40T030 
40T031 
40T032 
40T033 
40T034 
40T035 
40T036 
40T037 
40T038 
40T039 
40T040 
40T041 
40T042 
40T043 
40T044 
TM40.001 
40T045 
40T046 
TM40.002 
40T047 
40T048 
TM40.003 
TM40.006 
40T049 
TM40.004 
40T050 
TM40.005 
40T051 
TM40.007 
40T052 
40T053 
40T054 
TM40.008 
40T055 
40T056 
TM40.009 
Drill hole From To Lithology 
TMPD40 181 .60 181.61 Hcy-si 
TMPD40 181.65 181.66 Hcy-si 
TMPD40 182.20 182.21 Hcy-si 
TMPD40 182.40 182.41 Hcy-si 
TMPD40 185.30 185.31 Hcy-si 
TMPD40 188.30 188.31 Hcy-si 
TMPD40 188.70 188.71 Hcy-si 
TMPD40 190.40 190.41 Hcy-si 
TMPD40 191 .30 191 .31 Hcy-si 
TMPD40 193.20 193.21 Hsi-cy 
TMPD40 194.30 194.31 Hsi-cy 
TMPD40 196.80 196.81 Hsi-cy 
TMPD40 197.40. 197.41 Hsi-cy 
TMPD40 200.50 200.51 Hcy-si 
TMPD40 204.00 204.01 Hcy-si 
TMPD40 205.10 205.11 Hcy-si 
TMPD40 205.80 205.81 Hcy-si(ms-mHBX) 
TMPD40 207.50 207.51 Hcy-si(ms-mHBX) 
TMPD40 210.50 210.51 Hcy-si 
TMPD40 213.20 213.21 Hcy-si 
TMPD40 213.50 213.51 Hcy-si 
TMPD40 215.20 215.21 pla 
TMPD40 216.80 216.81 pla 
TMPD40 219.80 219.81 Hcy-si 
TMPD40 221.30 221.31 Hcy-si 
TMPD40 222.80 222.81 Hsi-cy 
TMPD40 225.80 225.81 Hsi-cy 
TMPD40 228.80 228.81 Hsi-cy 
TMPD40 230.20 230.21 Hsi-cy 
TMPD40 231 .80 231 .81 Hsi-cy 
TMPD40 234.80 234.81 Hcy-si 
TMPD40 237.70 237.71 Hcy-si 
TMPD40 240.20 240.21 Hcy-si 
TMPD40 240.70 240.71 Hcy-si 
TMPD40 244.00 244.01 Hcy-si 
TMPD40 247.30 247.31 Hcy-si 
TMPD40 250.00 250.01 Hcy-si 
TMPD40 251 .80 251 .81 Hsi-cy 
TMPD40 253.00 253.01 Hsi-cy 
TMPD40 255.60 255.61 pla 
TMPD40 255.60 255.61 pla 
TMPD40 256.00 256.01 Hcy-si 
TMPD40 259.80 259.81 Hcy-si 
TMPD40 260.10 260.11 Hcy-si 
TMPD40 263.00 263.01 Hcy-si 
TMPD40 266.00 266.01 Hsi-cy 
TMPD40 268.10 268.11 Hsi-cy 
TMPD40 269.00 269.01 Hsi-cy 
TMPD40 269.20 269.21 Hsi-cy 
TMPD40 272.50 272.51 Hsi-cy 
TMPD40 275.50 275.51 Hsi-cy 
TMPD40 278.50 278.51 Hsi-cy 
TMPD40 281.70 281.71 Hsi-cy 
TMPD40 284.70 284.71 Hcy-si 
TMPD40 287.70 287.71 Hcy-si 
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Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
se dk ccs Poor spec!. Waxy pale gm cly (mixture?) 
mu ccs Surrounded by green clays 
mu dk ccs Poor spec!. Waxy pale grn cly (mixture?) 
se PE Light green waxy to wh ite clays 
it PE White clays in Hcy-si alteration 
it PE White clays in Hcy-si alteration 
mu PE Brownish clay OP mineralisation 
it se HBX Mineralised grey quartz clasts 
it ph PE White clays in Hcy-si alteration 
it se PE Brown clay 
se PE White clays in Hcy-si alteration 
mu PE Fine grained sediment unit? Poor spectrum. 
it PE 
it PE 
it PE 
it HBX Hsi-cy clasts, Py mineralisation. 
it HBX Very weak mineralisation 
ph PE White clays 
it PE White clays 
ph HBX Bn veins, nearby diorite dyke. 
ph it PE White clays 
it PE No ch lorite 
se PE White clays plus pale green clays 
se PE White clays 
ph PE 
it PE White clays 
ph se PE 
ph cc White clay clot with fg disseminated py 
ph PE 
ph dk PE 
se ph PE 
mu PE 
ph PE 
se PE 
ph PE White clays in Hsi-cy 
it PE White clays in Hsi-cy 
ph PE 
mu PE 
it PE 
mu cc White, sharp boundaries 
fc PE Green rock matrix 
fc it PE 
ph dk PE 
mu PE 
ph PE 
dk CV 1 mm white clay vein 
mu CV 
it PE White clays in Hsi-cy 
mu ccs Large clot, wh cy, shp to irreg. margins 
dk ph PE 
dk CV 2mm powdery white clay vein 
dk PE 
dk ph PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
F3-36 
File 
TM40.010 
TM40.012 
TM40.011 
40T058 
40T059 
40T060 
TM40.013 
TM40.014 
40T061 
TM40.015 
40T062 
TM40.016 
40T063 
40T064 
40T065 
TM40.018 
TM40.019 
40T066 
40T067 
TM40.020 
40T068 
TM40.021 
40T069 
40T070 
TM40.022 
40T071 
40T072 
40T073 
TM40.023 
40T074 
40T075 
40T076 
TM40.024 
40T077 
40T078 
40T079 
40T080 
TM40.025 
40T081 
TM40.026 
TM40.027 
40T082 
40T083 
TM40.028 
40T084 
40T085 
TM40.030 
40T086 
TM40.029 
40T087 
40T088 
40T089 
40T090 
40T091 
40T092 
Drillhole From To Lithology 
TMPD40 291.80 291 .81 Hcy-si(ms-mHBX) 
TMPD40 294.80 294.81 Hcy-si 
TMPD40 298.00 298.01 Hcy-si 
TMPD40 300.80 300.81 Hcy-si 
TMPD40 303.80 303.81 Hcy-si 
TMPD40 306.80 306.81 Hcy-si 
TMPD40 309.80 309.81 Hcy-si 
TMPD40 312.00 312.01 Hcy-si 
TMPD40 315.00 315.01 Hcy-si 
TMPD40 318.50 318.51 Hcy-si 
TMPD40 321.50 321.51 Hcy-si 
TMPD40 324.50 324.51 pla(SCC) 
TMPD40 327.00 327.01 Hcy-si 
TMPD40 330.90 330.91 Hcy-si 
TMPD40 333.90 333.91 Hcy-si 
TMPD40 336.90 336.91 Hcy-si 
TMPD40 340.00 340.01 Hcy-si 
TMPD40 343.10 343.11 Hcy-si 
TMPD40 346.60 346.61 Hcy-si 
TMPD40 349.80 349.81 Hcy-si 
TMPD40 352.90 352.91 Hcy-si 
TMPD40 355.90 355.91 Hcy-si 
TMPD40 359.00 359.01 Hcy-si 
TMPD40 362.00 362.01 Hcy-si 
TMPD40 365.00 365.01 pla(SCC) 
TMPD40 368.40 368.41 Hcy-si 
TMPD40 372.00 372.01 Hcy-si 
TMPD40 375.10 375.11 Hcy-si 
TMPD40 378.10 378.11 Hcy-si 
TMPD40 381 .10 381 .11 Hcy-si 
TMPD40 384.80 384.81 pla(SCC) 
TMPD40 388.10 388.11 pla(SCC) 
TMPD40 391 .60 391 .61 Hcy-si 
TMPD40 394.60 394.61 Hcy-si 
TMPD40 397 .50 397 .51 Hcy-si 
TMPD40 400.50 400.51 Hcy-si 
TMPD40 403.80 403.81 Hcy-si 
TMPD40 407.50 407.51 Hcy-si 
TMPD40 410.80 410.81 Hcy-si 
TMPD40 413.40 413.41 Hcy-si 
TMPD40 416.40 416.41 Hcy-si 
TMPD40 419.20 419.21 Hsi-cy 
TMPD40 420.70 420.71 Hsi-cy 
TMPD42 011.40 011.41 Lcz 
TMPD42 014.40 014.41 Hsi-cy 
TMPD42 017.40 017.41 Hcy-si 
TMPD42 020.40 020.41 Hsi-cy 
TMPD42 024.00 024.01 pla 
TMPD42 027.30 027.31 pla 
TMPD42 030.70 030.71 Hsi-cy 
TMPD42 033.70 033.71 Hey 
TMPD42 036.50 036.51 Hey 
TMPD42 039.20 039.21 Hey 
TMPD42 042.00 042.01 Hey 
TMPD42 045.00 045.01 Hcy-si 
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Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
mu FLT White clayey fault gouge 
ph dk PE 
ph PE 
se PH White clay altered feldspar phenocrysts 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
ph mu PE White clays in Hsi-cy 
ph di PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
ph di PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
mu PE Hcy-si altered andesite 
ph PE Hcy-si altered andesite 
ph PE Hcy-si altered andesite 
mu PE Hcy-si altered andesite 
ph di PE Hcy-si altered andesite 
ph mu PE Hcy-si altered andesite 
mu PE Hcy-si altered andesite 
se PE Hcy-si altered andesite 
mu FLT 
ph PE Hcy-si altered andesite 
it PE Hcy-si altered andesite 
mu PE White clays in Hsi-cy 
se PE 
fc PE Pale green (choritic?) clays 
it fc PE 
ph PE 
ph PE Pervasive white clays in Hcy-si alteration 
ph PE Pervasive white clays in Hcy-si alteration 
ph gy PE Pervasive white clays in Hcy-si alteration 
it PE Pervasive white clays in Hcy-si alteration 
it fc PE 
mu PE Pervasive white clays in Hcy-si alteration 
se fc PE Pervasive white clays in Hcy-si alteration 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
gy ph PE White clays in Hsi-cy 
it ph PE 
it PE White clays in Hsi-cy 
ph gy PE White clays in Hcy-si 
it ph PE White clays in Hcy-si 
it PE White clays in Hcy-si 
se PE PE white clays in oxidised pla 
it PE PE white clays in oxidised pla 
se PE PE white clays in oxidised pla 
ph PE PE white clays in oxidised pla 
it PE PE white clays in oxidised pla 
it k PE PE white clays in oxidised pla 
it PE PE white clays in oxidised pla 
it ph PE PE white clays in oxidised pla 
it FLT White to cream yellow clays 
ii PE Pervasive white clays 
it PE 
ph PE Grey light pervasive clays 
F3-37 
File 
40T093 
40T094 
40T095 
40T096 
40T097 
40T098 
40T099 
40T100 
40T101 
40T102 
40T103 
40T104 
40T105 
40T106 
40T107 
40T108 
40T109 
40T110 
40T111 
40T112 
40T113 
40T114 
40T115 
40T116 
40T117 
40T118 
40T119 
40T120 
40T121 
40T122 
40T123 
40T124 
40T125 
40T126 
40T127 
40T128 
40T129 
40T130 
40T131 
40T132 
40T133 
40T134 
40T135 
42T001 
42T002 
42T003 
42T004 
42T005 
42T006 
42T007 
42T008 
42T009 
42T010 
42T011 
42T012 
Drill hole From To Lltholoav 
TMPD42 048.30 048.31 Hcy-si 
TMPD42 050.30 050.31 Hcy-si 
TMPD42 053.80 053.81 ms-cHBX 
TMPD42 056.80 056.81 ms-cHBX 
TMPD42 059.10 059.11 Hcy-si 
TMPD42 061.80 061 .81 ms-cHBX 
TMPD42 065.00 065.01 ms-cHBX 
TMPD42 068.00 068.01 ms-cHBX 
TMPD42 071 .00 071.01 Hcy-si 
TMPD42 07 4.40 07 4.41 Hcy-si 
TMPD42 077.40 077.41 Hcy-si 
TMPD42 080.40 080.41 ms-cHBX 
TMPD42 083.40 083.41 Hcy-si 
TMPD42 086.30 086.31 Hcy-si 
TMPD42 089.30 089.31 Hcy-si 
TMPD42 092.30 092.31 Hcy-si 
TMPD42 095.20 095.21 Hcy-si 
TMPD42 098.20 098.21 Hcy-si 
TMPD42 101.10 101.11 Hsi 
TMPD42 105.10 105.11 Hsi 
TMPD42 109.10 109.11 Hcy-si 
TMPD42 111.90 111.91 Hcy-si 
TMPD42 114.90 114.91 Hcy-si 
TMPD42 117.00 117.01 Hcy-si 
TMPD42 119.30 119.31 Hsi-cy 
TMPD42 122.30 122.31 Hcy-si 
TMPD42 124.30 124.31 Hcy-si 
TMPD42 127.10 127.11 Hcy-si 
TMPD42 130.10 130.11 Hcy-si 
TMPD42 133.30 133.31 Hcy-si 
TMPD42 136.40 136.41 Hcy-si 
TMPD42 139.45 139.46 Hcy-si 
TMPD42 142.10 142.11 Hcy-si 
TMPD42 145.10 145.11 Hsi-cy 
TMPD42 148.20 148.21 Hcy-si 
TMPD42 150.10 150.11 Hcy-si 
TMPD42 153.20 153.21 Hcy-si 
TMPD42 155.10 155.11 Hcy-si 
TMPD42 158.30 158.31 Hcy-si 
TMPD42 160.60 160.61 Hcy-si 
TMPD42 163.20 163.21 Hcy-si 
TMPD42 165.50 165.51 Hcy-si 
TMPD42 168.30 168.31 Hcy-si 
TMPD42 170.30 170.31 Hcy-si 
TMPD42 173.10 173.11 Hcy-si 
TMPD42 176.00 176.01 Hcy-si 
TMPD42 179.10 179.11 pla 
TMPD42 182.00 182.01 Hcy-si 
TMPD42 184.60 184.61 Hcy-si 
TMPD42 187.60 187.61 Hcy-si 
TMPD42 190.60 190.61 Hsi-cy 
TMPD42 193.50 193.51 Hsi-cy 
TMPD42 196.50 196.51 Hsi-cy 
TMPD42 199.85 199.86 Hsi-cy 
TMPD42 202.90 202.91 Hsi-cy 
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Tampakan PIMA II database 
Min1 Min2 Mln3 Mln4 Occurrence Comments 
it PE Grey light pervasive clays 
it PE Grey light pervasive clays 
it fc PE White-grey clays 
it PE White-grey clays 
it fc PE White-yellow clays 
it PE White-yellow clays 
it fc PE White-yellow clays in diatreme breccia 
fc it PE White-yellow clays in diatreme breccia 
it fc PE White-yellow clays in diatreme breccia 
se ph PE White clay 
it PE White clay 
it PE White + yellow-grey clays 
it PE White + yellow-grey clays 
dk PE Pervasive white clay alteration 
ph dk di PE Pervasive white clay alteration 
ph dk PE Pervasive white clay alteration 
ph dk PE Pervasive white clay alteration 
dk ph PE Pervasive white clay alteration 
it CV 1 mm partly oxid. yellow-white clay vein 
sm PE Highly sulphidic (py) 
dk PE Pervasive white clay alteration 
dk ph PE Pervasive white clay alteration 
dk ph PE White to light brown pervasive clay alt. 
di dk PE White to light brown pervasive clay alt. 
dk PE White to light brown pervasive clay alt. 
dk di ph PE White to light brown pervasive clay alt. 
di dk PE White clay alt. 
di ph dk PE White to light grey clay alt 
dk PE White to light grey clay alt 
dk FLT Powdery white clay gouge 
dk CV 2mm white powdery clay vein 
dk di PE 
it ph dk fc PE Pale light green clays 
ph PE 
dk ph CV 2mm white clay vein 
ph PE 
ph dk PE White clays 
ph di PE White clays in Hsi-cy 
di ph dk PE White clays in Hsi-cy 
dk ph CV 3mm thick powdery white clay vein 
dk ph PE White clay in Hsi-cy 
ph PE White clay in Hsi-cy 
ph di PE White clay in Hsi-cy 
ph PE White clay in Hsi-cy 
it PE White clays 
mu PE White clays 
fc PE Green clay altered la 
fc it PE Green clay altered la 
ph it CV 1 mm waxy green clay vein 
it CV 1 mm waxy green clay vein 
se PE 
se PE 
se PE 
se PE White clays in Hsi-cy 
se ph PE White clays in Hsi-cy 
F3-38 
File 
42T013 
42T014 
42T015 
42T016 
42T017 
42T018 
42T019 
42T020 
42T021 
42T022 
42T023 
42T024 
42T025 
42T026 
42T027 
42T028 
42T029 
42T030 
42T031 
42T033 
42T034 
42T035 
42T036 
42T037 
42T038 
42T039 
42T040 
42T041 
42T042 
42T043 
42T044 
42T045 
42T046 
42T047 
42T048 
42T049 
42T050 
42T051 
42T052 
42T053 
42T054 
42T055 
42T056 
42T057 
42T058 
42T059 
42T060 
42T061 
42T062 
42T063 
42T064 
42T065 
42T066 
42T067 
42T068 
Drillhole From To Litholoav 
TMPD42 206.00 206.01 Hcy-si 
TMPD42 209.00 209.01 Hsi-cy 
TMPD42 212.00 212.01 Hsi-cy 
TMPD42 215.20 215.21 Hsi-cy 
TMPD42 218.10 218.11 Hsi-cy 
TMPD42 221 .80 221 .81 Hsi-cy 
TMPD42 224.50 224.51 Hcy-si 
TMPD42 227.50 227.51 Hcy-si 
TMPD42 230.50 230.51 Hcy-si 
TMPD42 233.50 233.51 Hcy-si 
TMPD42 236.50 236.51 Hcy-si 
TMPD42 239.50 239.51 Hcy-si 
TMPD42 242.50 242.51 Hsi-cy 
TMPD42 245.80 245.81 Hsi-cy 
TMPD42 248.45 248.46 Hsi-cy 
TMPD42 251 .50 251 .51 Hsi-cy 
TMPD42 253.90 253.91 Hsi-cy 
TMPD42 257 .00 257 .01 Hsi-cy 
TMPD42 260.00 260.01 Hsi-cy 
TMPD42 263.00 263.01 Hsi-cy 
TMPD42 266.00 266.01 Hsi-cy 
TMPD42 269.00 269.01 Hsi-cy 
TMPD42 272.00 272.01 Hsi-cy 
TMPD42 275.10 275.11 Hsi-cy 
TMPD42 278.00 278.01 Hsi-cy 
TMPD42 281.00 281 .01 Hsi-cy 
TMPD42 284.10 284.11 Hcy-si 
TMPD42 286.70 286.71 Hcy-si 
TMPD42 290.00 290.01 Hsi-cy 
TMPD42 293.00 293.01 Hsi-cy 
TMPD42 296.00 296.01 Hsi-cy 
TMPD42 299.00 299.01 Hsi-cy 
TMPD42 302.40 302.41 Hsi-cy 
TMPD42 305.40 305.41 Hsi-cy 
TMPD42 308.00 308.01 Hsi-cy 
TMPD42 31 1.00 311 .01 Hsi-cy 
TMPD42 314.40 314.41 Hsi-cy 
TMPD42 316.80 316.81 Hsi-cy 
TMPD42 318.00 318.01 ipla 
TMPD42 320 .40 320 .41 ipla 
TMPD42 320.40 320.41 ipla 
TMPD42 323.00 323.01 ipla 
TMPD42 323.00 323.01 ipla 
TMPD42 326.20 326.21 ipla 
TMPD42 326.20 326.21 ipla 
TMPD42 328.60 328.61 ipla 
TMPD42 328.60 328.61 ipla 
TMPD42 331 .60 331.61 ipla 
TMPD42 331 .60 331 .61 ipla 
TMPD42 333.50 333.51 Hsi-cy 
TMPD42 336.50 336.51 Hsi-cy 
TMPD42 339.50 339.51 Hsi-cy 
TMPD42 341 .40 341.41 Hsi-cy 
TMPD42 344.30 344.31 Hsi-cy 
TMPD42 347.20 347.21 Hsi-cy 
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Min1 Mln2 Mln3 Min4 Occurrence Comments 
ph PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
ph di PE White clays in Hsi-cy 
ph di PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy altered la 
dk PE White clays in Hsi-cy altered la 
ph PE White clays in Hsi-cy altered la 
ph dk PE White clays in Hsi-cy altered la 
ph dk PE White clays in Hsi-cy altered la 
ph PE White clays in Hsi-cy altered la 
ph PE White clays in Hsi-cy altered la 
ph PE White clays in Hsi-cy altered la 
dk PE White clays in Hsi-cy altered la 
ph PE White clays in Hsi-cy altered la 
ph dk PE White clays in Hsi-cy altered la 
ph di PE White clays in Hsi-cy altered la 
se ph PE White clays in Hsi-cy altered la 
se PE White clays in Hsi-cy altered la 
dk CV 1 mm greasy white clay vein 
dk PE White clays in Hsi-cy altered la 
se ph PE White clays in Hsi-cy altered la 
mu ph PE White clays in Hsi-cy altered la 
ph di PE White clays in Hsi-cy altered la 
di ph se PE White clays in Hsi-cy altered la 
ph dk PE White clays in Hsi-cy altered la 
dk PE White clays in Hsi-cy altered la 
dk CV 1-2 mm white clay vein 
dk CV 3mm white waxy clay vein 
it PE 
ph se PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
ph it PE Yellow-white clays in Hsi-cy 
ph mu PE Yellow-white clays in Hsi-cy 
se ph PE White clays in Hsi-cy 
mu ph PE 
ph di cc Irregular clay clots in Hsi-cy 
it PE 
se ph PE 
it dk ph PH White clay altered feldspar phenocrysts 
fc GM Green gmass ( chloritic?) 
it PH White clay altered feldspar phenocrysts 
fc GM Green gmass (chloritic?) 
it PH White clay altered feldspar phenocrysts 
fc GM Green gm ass ( chloritic?) 
it PH White clay altered feldspar phenocrysts 
fc GM Green gmass (chloritic?) 
it PH White clay altered feldspar phenocrysts 
fc GM Green gmass (chloritic?) 
it PH White clay altered feldspar phenocrysts 
ph se PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
se ph di PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
F3-39 
File 
42T069 
42T070 
42T071 
42T072 
42T073 
42T074 
42T075 
42T076 
42T077 
42T078 
42T079 
42T080 
42T081 
42T082 
42T083 
42T084 
42T085 
42T086 
42T087 
42T088 
42T089 
42T090 
42T091 
42T092 
42T093 
42T094 
42T095 
42T096 
42T097 
42T098 
42T099 
42T100 
42T101 
42T102 
42T103 
42T104 
42T105 
42T106 
42T107 
42T108 
42T108 
42T109 
42T109 
42T110 
42T110 
42T111 
42T111 
42T112 
42T112 
42T113 
42T114 
42T115 
42T116 
42T117 
42T118 
Drill hole From To Lltholoav 
TMPD42 350.20 350.21 Hsi-cy 
TMPD42 353.20 353.21 Hsi-cy 
TMPD42 356.70 356.71 Hsi-cy 
TMPD42 359.70 359.71 Hsi-cy 
TMPD42 362.40 362.41 Hcy-si 
TMPD42 365.00 365.01 Hsi-cy 
TMPD42 368.00 368.01 Hsi-cy 
TMPD42 371 .00 371.01 Hcy-si 
TMPD42 374.00 374.01 Hcy-si 
TMPD42 377 .00 377 .01 Hcy-si 
TMPD42 380.00 380.01 Hcy-si 
TMPD42 383.00 383.01 Hcy-si 
TMPD42 386.30 386.31 Hcy-si 
TMPD42 389.10 389.11 Hcy-si 
TMPD42 392.00 392.01 Hcy-si 
TMPD42 395.10 395.11 Hcy-si 
TMPD42 398.00 398.01 Hcy-si 
TMPD42 401 .30 401.31 Hcy-si 
TMPD42 404.30 404.31 Hcy-si 
TMPD42 406.00 406.01 Hcy-si 
TMPD43 008.10 008.11 Hcy-si 
TMPD43 011.10 011.11 Hcy-si 
TMPD43 014.10 014.11 Hcy-si 
TMPD43 017.20 017.21 Hcy-si 
TMPD43 020.20 020.21 Hcy-si 
TMPD43 023.20 023.21 Hcy-si 
TMPD43 026.10 026.11 Hcy-si 
TMPD43 029.10 029.11 Hcy-si 
TMPD43 032. 70 032. 71 Hcy-si 
TMPD43 035. 70 035. 71 Hcy-si 
TMPD43 038.70 038.71 Hcy-si 
TMPD43 041 .30 041.31 Hcy-si 
TMPD43 043.80 043.81 Hcy-si 
TMPD43 046.80 046.81 Hcy-si 
TMPD43 049.80 049.81 Hcy-si 
TMPD43 052.60 052.61 Hcy-si 
TMPD43 056.00 056.01 Hcy-si 
TMPD43 059.00 059.01 Hcy-si 
TMPD43 062.00 062.01 Hcy-si 
TMPD43 065.00 065.01 Hcy-si 
TMPD43 068.00 068.01 Hcy-si 
TMPD43 071.00 071.01 Hcy-si 
TMPD43 074.00 074.01 Hcy-si 
TMPD43 077.00 077.01 Hcy-si 
TMPD43 079.70 079.71 vu Hsi 
TMPD43 083.00 083.01 ila 
TMPD43 086.00 086.01 ila 
TMPD43 089.00 089.01 ila 
TMPD43 092.20 092.21 iDI 
TMPD43 092.20 092.21 iDI 
TMPD43 098.30 098.31 iDI 
TMPD43 101 .00 101.01 ila 
TMPD43 101.00 101.01 ila 
TMPD43 104.00 104.01 Hcy-si 
TMPD43 107.10 107.11 Hcy-si 
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Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
se PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
se ph PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
ph it PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
ph se PE Hcy-si 
it PE Hcy-si 
it PE Hcy-si 
mu PE Hcy-si 
mu PE Hcy-si 
se PE Hcy-si 
mu PE Hcy-si 
se CV Thin white clay veins in Hsi-cy 
ph PE 
it PE Partly oxidised sparolite in Hey alt pla. 
it PE Partly oxidised sparolite in Hey alt pla. 
it PE Partly oxidised sparolite in Hey alt pla. 
it PE Partly oxidised sparolite in Hey alt pla. 
it PE Partly oxidised sparolite in Hey alt pla. 
it PE Partly oxidised sparolite in Hey alt pla. 
it PE Weak clay altered pla 
se dk PE Partly oxidised 
it PE Partly oxidised clay altered pla 
it PE Partly oxidised clay altered pla 
it PE Partly oxidised clay altered pla 
ph se PE White clay altered pla 
ph se PE White clay altered pla 
it ph PE White clay altered pla 
it PE White clay altered pla (partly oxidised) 
it PE White clay altered pla (partly oxidised) 
dk ph PE White clay altered pla 
it ph PE White clay altered pla 
it PE White clay altered pla 
ph PE White clay alteration in Hsi-cy 
ph PE White clay alteration in Hey 
ph PE White clay alteration in Hsi-cy 
ph di PE 
dk CV 1-2mm powdery white clay veins 
ph dk PH White clay alt fd phenocrysts in Hsi-cy 
it PE White clay 
ph it PE White clay 
it ph PE White clay 
fc GM Green clays 
it PH White-yellow clay altered fd pheno 
it PH White-yellow clay altered fd pheno 
fc GM Green clays 
it PH White-yellow clay altered fd pheno 
it PE White clay altered pla (Hey) 
dk CV White to greasy pale Qm cy vns (4mm). 
F3-40 
File 
42T119 
42T120 
42T121 
42T122 
42T123 
42T124 
42T125 
42T126 
42T127 
42T128 
42T129 
42T130 
42T131 
42T132 
42T133 
42T134 
42T135 
42T136 
42T137 
42T138 
43T001 
43T002 
43T003 
43T004 
43T005 
43T006 
43T007 
43T008 
43T009 
43T010 
43T011 
43T012 
43T013 
43T014 
43T015 
43T016 
43T017 
43T018 
43T019 
43T020 
43T021 
43T022 
43T023 
43T024 
43T025 
43T026 
43T027 
43T028 
43T029 
43T029 
43T031 
43T032 
43T032 
43T033 
43T034 
Drill hole From To Lltholoov 
TMPD43 110.00 110.01 Hcy-si 
TMPD43 113.70 113.71 Hcy-si 
TMPD43 116.70 116.71 Hcy-si 
TMPD43 119.70 119.71 Hcy-si 
TMPD43 122.85 122.86 Hcy-si 
TMPD43 125.10 125.11 Hcy-si 
TMPD43 128.00 128.01 Hcy-si 
TMPD43 131 .10 131 .11 Hcy-si 
TMPD43 134.35 134.36 Hcy-si 
TMPD43 136.40 136.41 Hsi 
TMPD43 139.50 139.51 Hsi 
TMPD43 142.60 142.61 Hsi 
TMPD43 145.60 145.61 Hsi 
TMPD43 149.10 149.11 Hsi 
TMPD43 151 .60 151.61 Hsi 
TMPD43 154.50 154.51 Hsi 
TMPD43 157.70 157.71 Hsi-cy 
TMPD43 160.70 160.71 Hsi-cy 
TMPD43 163.20 163.21 Hsi-cy 
TMPD43 166.60 166.61 Hsi-cy 
TMPD43 170.00 170.01 Hsi-cy 
TMPD43 173.40 173.41 Hsi-cy 
TMPD43 176.20 176.21 Hsi-cy 
TMPD43 179.70 179.71 Hcy-si 
TMPD43 182.20 182.21 Hcy-si 
TMPD43 185.70 185.71 Hsi 
TMPD43 188.90 188.91 Hsi 
TMPD43 190.60 190.61 Hsi 
TMPD43 193.20 193.21 Hsi 
TMPD43 196.60 196.61 Hsi 
TMPD43 199.40 199.41 Hsi-cy 
TMPD43 203.10 203.11 Hsi 
TMPD43 205.80 205.81 Hsi 
TMPD43 208.10 208.11 Hsi 
TMPD43 210.10 210.11 Hsi 
TMPD43 214.00 214.01 Hcy-si 
TMPD43 216.30 216.31 Hcy-si 
TMPD43 218.40 218.41 Hcy-si 
TMPD43 221.90 221.91 Hcy-si 
TMPD43 223.40 223.41 Hcy-si 
TMPD43 225.80 225.81 Hcy-si 
TMPD43 229.85 229.86 Hsi 
TMPD43 233.60 233.61 Hsi 
TMPD43 236.30 236.31 cs-mHBX 
TMPD43 240.00 240.01 Hcy-si 
TMPD43 243.00 243.01 Hcy-si 
TMPD43 246.10 246.11 Hcy-si 
TMPD43 249.60 249.61 Hcy-si 
TMPD43 252.10 252.11 Hcy-si 
TMPD43 255.10 255.11 Hcy-si 
TMPD43 258.10 258.11 Hcy-si 
TMPD43 261.60 261 .61 ipla 
TMPD43 264.10 264.11 ipla 
TMPD43 267.70 267.71 ipla 
TMPD43 270.70 270.71 ipla 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Mln3 Min4 Occurrence Comments 
ph dk PE PE clay altered pla. 
dk PE PE clay altered pla. 
ph PE PE clay altered pla. 
ph dk PE PE clay altered pla. 
ph dk CV 2mm powdery white clay veins 
dk ph PE Pervasive white clay alteration of pla 
ph PE Pervasive white clay alteration of pla 
di ph dk PE Pervasive white clay alteration of pla 
dk CV 2mm white clay veins 
ph dk di PE White clay altered pla 
di ph se PE 
dk CV Puggy to powdery wh cy vns (flt gouge?) 
it PE White clays in Hsi-cy 
ph dk PE White clays in Hsi-cy 
ph it cc Yellow-white clay clot (7mm) in Hsi 
ph it cc Yellow-white clay clot (7mm) in Hsi 
ph PE White clays in Hsi-cy alteration 
di ph PE White clays in Hsi-cy alteration 
ph PE White clays in Hsi-cy alteration 
ph dk CV 1 mm white clay vein in Hsi-cy 
ph PE 
ph di CV 1 mm white clay vein in Hsi-cy 
di ph PE 
dk ph CV 1 mm white clay vein in Hsi-cy 
di PE White clays in Hsi-cy alteration 
dk PE White clays in Hsi-cy alteration 
dk di CV 1 mm white clay vein in Hsi-cy 
dk CV 1 mm white clay vein in Hsi 
ph dk CV 1 mm white clay vein in Hsi 
dk CV 1 mm white clay vein in Hsi 
ph di PE 
di ph CV 1 mm white clay vein in Hsi 
dk cc Sharp 6mm white clay clot in Hsi 
dk CV 1 mm white clay vein in Hsi 
di CV Clay vein with enargite (en-cy). 
ph PE White clays in Hcy-si alteration 
dk PE White clays in Hcy-si alteration 
di ph dk PE White clays in Hcy-si alteration 
ph dk PE White clays in Hcy-si alteration 
ph dk PE 
dk CV Greasy to powdery white clay veins 
dk di PE White clays in Hcy-si alteration 
ph di PE White clays in Hcy-si alteration 
dk ph CV Powdery white clay veins (2mm) 
ph PE White clays in Hcy-si alteration 
ph PE White clays in Hcy-si alteration 
dk ph PE 
it PE Pale apple green greasy clay (muse?) alt 
ph dk se FLT White clay fault gouge 
se PE 
ph PE Powdery white clays in Hcy-si alteration. 
sm PH White-yellow clay alt fd phenocrysts 
it fc PE Green clays 
it fc PE Green clays 
it PE Green clays 
F3-41 
File 
43T035 
43T036 
43T037 
43T038 
43T039 
43T040 
43T041 
43T042 
43T043 
43T044 
43T045 
43T046 
43T047 
43T048 
43T049 
43T050 
43T051 
43T052 
43T053 
43T054 
43T055 
43T056 
43T057 
43T058 
43T059 
43T060 
43T061 
43T062 
43T063 
43T064 
43T065 
43T066 
43T067 
43T068 
43T069 
43T070 
43T071 
43T072 
43T073 
43T074 
43T075 
43T076 
43T077 
43T078 
43T079 
43T080 
43T081 
43T082 
43T083 
43T084 
43T085 
43T086 
43T087 
43T088 
43T089 
Drill hole From To Lltholoov 
TMPD43 273.70 273.71 ipla 
TMPD43 275.70 275.71 ipla 
TMPD43 278. 70 278. 71 ipla 
TMPD43 282.00 282.01 ipla 
TMPD43 285. 70 285. 71 ipla 
TMPD43 289.00 289.01 iDI 
TMPD43 289.00 289.01 iDI 
TMPD43 290.00 290.01 iDI 
TMPD43 290.00 290.01 iDI 
TMPD43 293.00 293.01 iDI 
TMPD43 296.00 296.01 iDI 
TMPD43 300.10 300.01 iDI 
TMPD43 300.10 300.01 iDI 
TMPD43 303.00 303.01 iDI 
TMPD43 306.00 306.01 iDI 
TMPD43 309.00 309.01 iDI 
TMPD43 311 .80 311.81 iDI 
TMPD43 314.00 314.01 iDI 
TMPD43 316.20 316.21 iDI 
TMPD43 319.90 319.91 iDI 
TMPD43 322.80 322.81 pla 
TMPD43 326.10 326.11 pla 
TMPD43 329.10 329.11 Hcy-si 
TMPD43 332.70 332.71 Hcy-si 
TMPD43 335. 70 335. 71 Hsi 
TMPD43 338.10 338.11 Hsi 
TMPD43 340.50 340.51 ila 
TMPD43 343.50 343.51 ila 
TMPD43 346.00 346.01 ila 
TMPD43 352.50 352.51 iDI 
TMPD43 354.15 354.16 iDI 
TMPD43 354.15 354.16 iDI 
TMPD46 007.60 007.61 pla 
TMPD46 010.85 010.86 pla 
TMPD46 013.20 013.21 pla 
TMPD46 016.50 016.51 Hcy-si 
TMPD46 019.00 019.01 Hsi-cy 
TMPD46 022.00 022.01 Hsi-cy 
TMPD46 024.50 024.51 Hsi 
TMPD46 027 .20 027 .21 Hsi 
TMPD46 030.00 030.01 Hcy-si 
TMPD46 033.10 033.11 Hey 
TMPD46 036.40 036.41 Hey 
TMPD46 039.00 039.01 Hey 
TMPD46 042.00 042.01 Hey 
TMPD46 045.00 045.01 Hey 
TMPD46 048.00 048.01 Hcy-si 
TMPD46 051 .00 051.01 Hcy-si 
TMPD46 067.30 067.31 Hcy-si 
TMPD46 069.80 069.81 Hcy-si 
TMPD46 072.40 072.41 Hcy-si 
TMPD46 075.00 075.01 Hcy-si 
TMPD46 078.00 078.01 Hcy-si 
TMPD46 081 .10 081.11 Hcy-si 
TMPD46 084.10 084.11 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Min4 Occurrence Comments 
it dk PE Green clays 
it PE Green clays 
it fc PE Green clays 
it PE Green clays 
sm PH White clay alt fd phenocrysts in pla 
fc GM Green clays 
sm PH White clay alt fd phenocrysts in pla 
fc GM Green clays 
sm PH White clay alt fd phenocrysts in pla 
it fc PE Partly chlor. plus vfg K-spar?? in g.mass 
fc it PE 
fc GM Green clays 
sm PH White clay alt fd phenocrysts in pla 
fc it PE 
sm PH White clay alt fd phenocrysts in pla 
sm CV 1 mm white clay vein (gypsum?) 
sm PE K-Spar??? in groundmass to pDI 
fc sm PE K-Spar??? in groundmass to pDI 
fc sm PE K-Spar??? in groundmass to pDI 
it PE 
it PE 
it PE Pale green-clay veins 
it fc PE Pale green-clay veins 
ph PE 
it CV Pale green-white clay vein . 
di ph PE Grey-white waxy clays 
it fc PE Pale green 
it fc PE Pale green 
sm PH White-yellow clay alt feldspar pheno. 
fc it PE 
fc GM Pale green clays 
it PH White-yellow clay alt feldspar pheno. 
it PE Whiteijrey clay 
it PE Partly oxidised. 
it PE Partly oxidised 
it FLT Grey clayey fault gouge 
it PE 
it FLT White clayey fault gouge 
mm cc White clay clots in Hsi 
mm PE Hsi-cy 
it PE Hcy-si (grey) 
it fc PE 
it fc PE Partly oxidised. 
it dk fc ph PE White to light creamy green clay 
it dk fc ph PE White to light creamy green clay 
k fc PE White to light creamy green clay 
ph FLT Creamy white fault gouge clays 
it PE 
ph dk CV Powdery white clay veins 
dk CV Powdery white clay veins 
dk PE 
dk FLT White clayey fault gouge 
dk FLT White clayey fault gouge 
ph PE White-yellow clay 
ph PE White-yellow clay 
F3-42 
File 
43T090 
43T091 
43T092 
43T093 
43T094 
43T095 
43T095 
43T096 
43T096 
43T097 
43T098 
43T099 
43T099 
43T100 
43T101 
43T102 
43T103 
43T105 
43T104 
43T106 
43T107 
43T108 
43T109 
43T110 
43T111 
43T112 
43T113 
43T114 
43T115 
43T117 
43T118 
43T118 
46T001 
46T002 
46T003 
46T004 
46T005 
46T006 
46T007 
46T008 
46T009 
46T010 
46T011 
46T012 
46T013 
46T014 
46T015 
46T016 
46T020 
46T021 
46T022 
46T023 
46T024 
46T025 
46T026 
Drill hole From To Litholoav 
TMPD46 089.20 089.21 Hsi 
TMPD46 092.00 092.01 Hsi 
TMPD46 095.00 095.01 Hsi 
TMPD46 103.10 103.11 Hsi 
TMPD46 106.00 106.01 Hsi 
TMPD46 109.40 109.41 Hsi 
TMPD46 112.30 112.31 Hsi 
TMPD46 115.70 115.71 Hsi 
TMPD46 118.65 118.66 Hsi 
TMPD46 125.30 125.31 Hsi 
TMPD46 128.10 128.11 Hsi 
TMPD46 131 .70 131 .71 Hsi 
TMPD46 135.70 135.71 Hsi 
TMPD46 138.70 138.71 Hsi-cy 
TMPD46 141 .50 141.51 Hcy-si 
TMPD46 144.30 144.31 Hcy-si 
TMPD46 147.00 147.01 Hcy-si 
TMPD46 150.00 150.01 Hsi-cy 
TMPD46 153.00 153.01 Hsi 
TMPD46 156.00 156.01 Hcy-si 
TMPD46 159.40 159.41 Hcy-si 
TMPD46 162.00 162.01 Hcy-si 
TMPD46 165.00 165.01 Hcy-si 
TMPD46 167.00 167.01 Hcy-si 
TMPD46 170.10 170.11 Hcy-si 
TMPD46 174.20 174.21 Hcy-si 
TMPD46 177.00 177.01 Hcy-si 
TMPD46 180.00 180.01 Hcy-si 
TMPD46 183.00 183.01 Hcy-si 
TMPD46 186.00 186.01 Hcy-si 
TMPD46 189.00 189.01 Hcy-si 
TMPD46 192.10 192.11 Hcy-si 
TMPD46 195.00 195.01 Hsi 
TMPD46 198.00 198.01 Hsi-cy 
TMPD46 200.30 200.31 Hsi-cy 
TMPD46 203.00 203.01 Hsi-cy 
TMPD46 206.00 206.01 Hsi-cy 
TMPD46 209.00 209.01 Hcy-si 
TMPD46 212.00 212.01 Hcy-si 
TMPD46 215.00 215.01 ipla 
TMPD46 218.00 218.01 ipla 
TMPD46 221 .00 221 .01 iDI 
TMPD46 221 .00 221 .01 iDI 
TMPD46 224.00 224.01 iDI 
TMPD46 224.00 224.01 iDI 
TMPD46 227.00 227.01 iDI 
TMPD46 230.00 230.01 iDI 
TMPD46 230.00 230.01 iDI 
TMPD46 233.00 233.01 iDI 
TMPD46 233.00 233.01 iDI 
TMPD46 236.00 236.01 iDI 
TMPD46 239.00 239.01 iDI 
TMPD46 242.00 242.01 iDI 
TMPD46 245.00 245.01 iDI 
TMPD46 248.00 248.01 ipla 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
dk ph PE Minor white clays in min. vuggy Hsi 
mm CV 1 mm white clay vein in Hsi 
dk CV 1 mm white clay vein in Hsi 
dk it CV 1 mm white clay vein in Hsi 
dk CV 1 mm white clay vein in Hsi 
dk CV 2mm white clay vein in Hsi 
dk CV 1 mm white clay vein in Hsi 
dk ccs White clay clot (5mm) with en spots 
dk PE White clay in Hsi 
dk PE Trc white clays in Hsi 
dk PE Trc white clays in Hsi 
dk PE Trc white clays in Hsi 
dk CV 1 mm white clay vein 
dk di PE 
ph di FLT White clay fault gouge 
dk di PE Brown clays 
dk di PE White clays 
di it FLT Fault gouge (white) 
ph dk di FLT Fault gouge (white) 
dk CV 2mm waxy light green to white clay vein 
dk FLT Fault gouge (white) 
dk PE White clay in Hsi-cy 
dk CV 2mm waxy light green to white clay vein 
ph di FLT Fault gouge (white) 
ph dk FLT Fault gouge (white) 
ph di PE Pervasive white clays 
dk FLT Fault gouge (white) 
ph dk PE White clays in Hcy-si 
dk gy PE White clays in Hcy-si 
ph gy PE White clays in Hcy-si 
ph PE 
dk CV 2mm waxy light green to white clay vein 
dk PE White clays in Hsi-cy 
ph dk PE White clays in Hsi-cy 
dk FLT White clayey fault gouge 
dk ph di PH Residual clay alt feldspar pheno. in Hsi 
dk CV 1 mm white clay vein with slickensides. 
dk FLT Fault gouge clays 
ph dk FLT Fault gouge clays 
ph FLT Fault gouge clays 
it PH White clay altered feldspar phenocrysts 
fc GM Green-grey g/mass to pla 
it PH White clay altered feldspar phenocrysts 
fc GM Green-grey g/mass to pla 
it PH White clay altered feldspar phenocrysts 
it FLT Pale green-white clays 
fc GM Green-grey g/mass to pla 
it PH White clay altered feldspar phenocrysts 
fc GM Green-grey g/mass to pla 
it PH White clay altered feldspar phenocrysts 
it PE Pale white-green clay altered la. 
it PE Pale white-green clay altered la. 
it fc PE Pale white-green clay altered la. 
sm fc PE Pale white-green clay altered la. 
sm fc PE Pale white-green clay altered la. 
F3-43 
File 
46T028 
46T029 
46T030 
46T033 
46T034 
46T035 
46T036 
46T037 
46T038 
46T040 
46T041 
46T042 
46T043 
46T044 
46T045 
46T046 
46T047 
46T048 
46T049 
46T050 
46T051 
46T052 
46T053 
46T054 
46T055 
46T056 
46T057 
46T058 
46T059 
46T060 
46T061 
46T062 
46T063 
46T064 
46T065 
46T066 
46T067 
46T068 
46T069 
46T070 
46T071 
46T072 
46T072 
46T073 
46T073 
46T074 
46T075 
46T075 
46T076 
46T076 
46T077 
46T078 
46T079 
46T080 
46T081 
Drillhole From To Litholoov 
TMPD46 251.20 251.21 Hsi-cy 
TMPD46 254.20 254.21 Hsi-cy 
TMPD46 257.20 257.21 Hsi-cy 
TMPD46 260.20 260.21 Hsi-cy 
TMPD46 263.50 263.51 ipla 
TMPD46 263.50 263.51 ipla 
TMPD46 266.40 266.41 ipla 
TMPD46 266.40 266.41 ipla 
TMPD46 269.00 269.01 ipla 
TMPD46 272.20 272.21 Hsi-cy 
TMPD46 275.00 275.01 ipla 
TMPD46 278.00 278.01 ipla 
TMPD46 281.00 281.01 Hsi-cy 
TMPD46 284.20 284.21 Hsi-cy 
TMPD46 287 .00 287 .01 Hsi-cy 
TMPD46 288.80 288.81 Hsi-cy 
TMPD46 292.00 292.01 Hsi-cy 
TMPD46 295.00 295.01 Hsi-cy 
TMPD46 297.80 297.81 Hsi-cy 
TMPD46 300.70 300.71 Hsi-cy 
TMPD46 303.70 303.71 Hsi-cy 
TMPD46 306.90 306.91 Hsi-cy 
TMPD46 309.70 309.71 Hcy-si 
TMPD46 312.70 312.71 Hcy-si 
TMPD46 315.90 315.91 Hcy-si 
TMPD46 318.90 318.91 Hcy-si 
TMPD46 321 .00 321.01 Hcy-si 
TMPD46 324.00 324.01 Hcy-si 
TMPD46 326.50 326.51 Hcy-si 
TMPD46 328.90 328.91 Hcy-si 
TMPD46 332.00 332.01 Hcy-si 
TMPD46 335.10 335.11 Hcy-si 
TMPD46 338.00 338.01 Hcy-si 
TMPD46 341.00 341.01 Hcy-si 
TMPD46 344.00 344.01 Hsi-cy 
TMPD46 347.00 347.01 Hsi-cy 
TMPD46 350.00 350.01 Hsi-cy 
TMPD46 353.70 353.71 Hsi-cy 
TMPD46 356.70 356.71 Hsi-cy 
TMPD46 359.80 359.81 Hcy-si 
TMPD46 362.80 362.81 Hcy-si 
TMPD46 365.80 365.81 Hsi-cy 
TMPD46 368.80 368.81 Hsi-cy 
TMPD46 371.80 371.81 Hsi-cy 
TMPD46 374.80 374.81 Hsi-cy 
TMPD46 377.80 377.81 Hsi-cy 
TMPD46 380.80 380.81 Hsi-cy 
TMPD46 383.70 383.71 Hsi-cy 
TMPD46 386.40 386.41 Hcy-si 
TMPD46 389.70 389.71 Hcy-si 
TMPD46 392.60 392.61 Hcy-si 
TMPD46 395.40 395.41 Hcy-si 
TMPD46 398.30 398.31 Hcy-si 
TMPD46 402.20 402.21 Hcy-si 
TMPD46 404.70 404.71 Hcv-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Mln3 Min4 Occurrence Comments 
ph se PE White to light green waxy clays in Hcy-si 
it dk PE White to light green waxy clays in Hcy-si 
ph di PE White to light green waxy clays in Hcy-si 
it FLT White fault gouge clays 
fc GM Pale green clays 
it PH White clay altered feldspar phenocrysts 
fc GM Pale green clays 
se PH White clay altered feldspar phenocrysts 
it le PE 
ph PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
it FLT White clays in Hsi-cy 
it ph PE Green fault gouge clays 
ph di PE Pervasive white to pale green clays 
dk PE Pervasive white to pale green clays 
ph di PE Pervasive white to pale green clays 
ph PE Pervasive white to pale green clays 
ph dk gy PE Pervasive white to pale green clays 
ph PE Pervasive white to pale green clays 
ph PE Pervasive white to pale green clays 
it FLT White fault gouge clays 
ph PE White plus light brown clays 
ph PE 
ph gy PE 
ph PE Light green plus L.bm clays in Hcy-si alt 
ph it gy PE Light green plus L.brn clays in Hcy-si alt 
ph gy PE Light green plus L.bm clays in Hcy-si alt 
ph PE Light green plus L.bm clays in Hcy-si alt 
ph PE 
ph it PE 
ph dk se FLT White fault gouge clays 
mu ph PE Chlorite-clay altered la 
it PE Chlorite-clay altered la 
it PE Chlorite-clay altered la 
it PE Chlorite-clay altered la 
it PE Chlorite-clay altered la 
ph PE Chlorite-clay altered la 
ph it PE Chlorite-clay altered la 
gy it PE Abundant white clays 
ph se PE White plus light green clays in Hcy-si 
ph gy it PE White plus light green clays in Hcy-si 
ph gy PE White plus light green clays in Hcy-si 
ph gy PE White plus light green clays in Hcy-si 
ph gy PE White plus light green clays in Hcy-si 
ph dk gy PE White plus light green clays in Hcy-si 
ph PE White plus light green clays in Hcy-si 
ph PE White plus light green clays in Hcy-si 
ph gy PE 
ph gy PE 
ph PE Light brown clay altered la 
se gy FLT White clayey fault gouge 
mu ph PE 
ph gy PE 
ph gy PE White clay alteration 
ph Qy PE White plus light brown clays 
F3-44 
File 
46T082 
46T083 
46T084 
46T085 
46T086 
46T086 
46T087 
46T087 
46T088 
46T089 
46T090 
46T091 
46T092 
46T093 
46T094 
46T095 
46T096 
46T097 
46T098 
46T099 
46T100 
46T101 
46T102 
46T103 
46T104 
46T105 
46T106 
46T107 
46T108 
46T109 
46T110 
46T111 
46T112 
46T113 
46T114 
46T115 
46T116 
46T117 
46T118 
46T119 
46T120 
46T121 
46T122 
46T123 
46T124 
46T125 
46T126 
46T127 
46T128 
46T129 
46T130 
46T131 
46T132 
46T133 
46T134 
Drill hole From To Lithology 
TMPD46 406.50 406.51 Hcy-si 
TMPD46 409.00 409.01 Hcy-si 
TMPD47 005.60 005.61 ipla 
TMPD47 008.00 008.01 ipla 
TMPD47 011.10 011 .11 ipla 
TMPD47 012.50 012.51 pla 
TMPD47 015.40 015.41 pla 
TMPD47 018.45 018.46 pla 
TMPD47 021.00 021 .01 pla 
TMPD47 024.20 024.21 pla 
TMPD47 027 .60 027 .61 pla 
TMPD47 031.55 031.56 pia 
TMPD47 033.10 033.11 cs-mHBX-S 
TMPD47 035.00 035.01 iDI 
TMPD47 037.80 037.81 cs-mHBX-S 
TMPD47 042.00 042.01 cs-mHBX-S 
TMPD47 045.00 045.01 cs-mHBX-S 
TMPD47 047.85 047.86 cs-mHBX-S 
TMPD47 050.20 050.21 cs-mHBX-S 
TMPD47 053.40 053.41 cs-mHBX-S 
TMPD47 055. 70 055.71 cs-mHBX-S 
TMPD47 057.30 057.31 cs-mHBX-S 
TMPD47 060.90 060.91 cs-mHBX-S 
TMPD47 063.00 063.01 Hsi-cy(pla) 
TMPD47 066.00 066.01 Hsi-cy(pla) 
TMPD47 069.30 069.31 Hsi 
TMPD47 070.30 070.31 Hsi 
TMPD47 072. 70 072.71 cHsi-cy 
TMPD47 075.75 075.76 Hsi 
TMPD47 078.25 078.26 cHsi-cy 
TMPD47 081 .30 081 .31 cHsi-cy 
TMPD47 083.50 083.51 cHsi-cy 
TMPD47 086.00 086.01 cHsi-cy 
TMPD47 089.00 089.01 cHsi-cy 
TMPD47 092.00 092.01 cHsi-cy 
TMPD47 095.30 095.31 cHsi-cy 
TMPD47 097.30 097.31 cHsi-cy 
TMPD47 100.55 100.56 cHsi-cy 
TMPD47 104.00 104.01 Hsi-cy 
TMPD47 106.75 106.76 Hsi-cy 
TMPD47 109.65 109.66 Hsi-cy 
TMPD47 112.75 112.76 ms-mHBX-S 
TMPD47 115.80 115.81 pla 
TMPD47 122.20 122.21 Hsi-cy 
TMPD47 125.55 125.56 Hcy-si 
TMPD47 128.00 128.01 Hcy-si 
TMPD47 131 .00 131 .01 Hcy-si 
TMPD47 133.80 133.81 Hcy-si 
TMPD47 136.20 136.21 Hcy-si 
TMPD47 138.55 138.56 Hcy-si 
TMPD47 142.40 142.41 Hcy-si 
TMPD47 147.45 147.46 Hcy-si 
TMPD47 150.30 150.31 Hcy-si 
TMPD47 154.00 154.01 Hcy-si 
TMPD47 157.00 157.01 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ph gy PE 
it PE White clays in Hsi-cy 
mm PH White clay after feldspar 
it PH White clay after feldspar 
it CV 1 mm clay lined fracture 
se PH Pale waxy green clay 
it PE Pale light green and cream clays 
it PE White clays highly fractured 
it PH White clays 
it PH White clays 
it PE White clays 
it PH White clays 
it PE White clays 
se PE White clays 
se PE White clay 
it HBX Pervasive white clays in breccia matrix 
it fc HBX Pale green clays 
it HBX 
it PE Pale green 
it fc HBX Breccia Matrix 
dk CV Powdery white clay vein 
it HBX Matrix clays 
it PE White clays 
gy PE White clays 
se FLT White fault gouge 
it CV Clay fracture in Hsi 
se vu Clayvug fill 
se vu Clayvug fill 
se vu Clayvug fill 
se vu Clayvug fill 
se ccs 
se FLT Clay fault gouge 
se cc White clay clot 
se PE 
ph PE Yellowy white clays 
se PE Yellowy white clays 
se cc Yellowy white clay clot in Hsi 
ph dk PE White and yellow clays 
ph PE White clays 
se PE White clays 
se cc white and yellow clays 
it FLT White clayey fault gouge 
it PH White clays 
se PE White clays 
se PE White clays 
mu PE White clays 
mu PE White clays 
ph mu PE White clays 
ph mu PE White clays 
se cc Yellow clay clots 
mu PE White and yellow clays 
se PE White clays 
ph PE White clays 
mu PE White clays 
mu PE White and yellow clays 
F3-45 
File 
46T135 
46T136 
47T001 
47T002 
47T003 
47T004 
47T005 
47T006 
47T007 
47T008 
47T009 
47T010 
47T011 
47T012 
47T013 
47T014 
47T015 
47T016 
47T017 
47T018 
47T019 
47T020 
47T021 
47T022 
47T023 
47T024 
47T025 
47T026 
47T027 
47T028 
47T029 
47T030 
47T031 
47T032 
47T033 
47T034 
47T035 
47T036 
47T037 
47T038 
47T039 
47T040 
47T041 
47T042 
47T043 
47T044 
47T045 
47T046 
47T047 
47T048 
47T049 
47T050 
47T051 
47T052 
Drillhole From To Lithology 
TMPD47 160.40 160.41 Hcy-si 
TMPD47 162.50 162.51 Hcy-si 
TMPD47 165.00 165.01 Hcy-si 
TMPD47 169.90 169.91 ms-mHBX-S 
TMPD47 171.20 171.21 ms-mHBX-S 
TMPD47 174.80 174.81 Hsi-cy 
TMPD47 177.50 177.51 Hsi-cy 
TMPD47 180.80 180.81 ipla 
TMPD47 183.00 183.01 ipla 
TMPD47 183.00 183.01 ipla 
TMPD47 186.10 186.11 ipla 
TMPD47 186.10 186.11 ipla 
TMPD47 189.40 189.41 ipla 
TMPD47 189.40 189.41 ipla 
TMPD47 191.00 191.01 
TMPD47 191.00 191.01 ipla 
TMPD47 194.05 194.06 ipla 
TMPD47 197.00 197.01 ipla 
TMPD47 200.00 200.01 Hsi-cy 
TMPD47 203.15 203.16 Hsi-cy 
TMPD47 206.80 206.81 Hsi-cy(pla) 
TMPD47 207 .90 207 .91 Hsi-cy(pla) 
TMPD47 211.40 211.41 Hsi-cy(pla) 
TMPD47 215.00 215.01 Hsi-cy(pla) 
TMPD47 218.25 218.26 Hsi-cy(pla) 
TMPD47 221.25 221 .26 Hsi-cy(pla) 
TMPD47 225.00 225.01 Hsi-cy(pla) 
TMPD47 227 .25 227 .26 Hsi-cy(pla) 
TMPD47 229.80 229.81 iDI 
TMPD47 231 .70 231.71 iDI 
TMPD47 234.60 234.61 iDI 
TMPD47 236.50 236.51 iDI 
TMPD47 239.40 239.41 iDI 
TMPD47 242.00 242.01 iDI 
TMPD47 245.50 245.51 iDI 
TMPD47 249.20 249.21 iDI 
TMPD47 252.70 252.71 Hsi-cy 
TMPD47 255.00 255.01 Hsi-cy 
TMPD47 257 .40 257.41 Hsi-cy 
TMPD47 260.00 260.01 Hsi-cy 
TMPD47 263.00 263.01 Hsi-cy 
TMPD47 266.60 266.61 Hsi-cy 
TMPD47 269.40 269.41 Hcy-si 
TMPD47 272.60 272.61 Hcy-si 
TMPD47 276.20 276.21 Hsi-cy 
TMPD47 279.00 279.01 Hsi-cy 
TMPD47 282.00 282.01 Hsi-cy 
TMPD47 284.65 284.66 Hsi-cy 
TMPD47 287.10 287.11 Hsi-cy 
TMPD47 290.25 290.26 Hsi-cy 
TMPD47 292.30 292.31 Hsi-cy 
TMPD47 295.30 295.31 Hsi-cy 
TMPD47 298.00 298.01 Hsi-cy 
TMPD47 301 .00 301.01 Hsi-cy 
TMPD47 304.40 304.41 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
mu ph PE White and yellow clays 
it PE Pervasive white clays 
ph mu cc Yellow clay clots 
mu FLT White fault gouge 
se FLT White fault gouge 
se PE 
se PE 
se ph FLT White fault gouge 
fc GM Green-grey 
it PH White clay after feldspar 
fc GM Green-grey 
ii PH White 
fc GM Green-grey (vfg) 
it PH White clay after feldspar 
fc GM Pale green clay 
ph dk CV White clay 
it PE 
it k PE White clays 
se PE White clays 
se PE White clays 
se PE White clays 
ph se PE White clays 
se ph PE White clays 
gy ph FLT White fault gouge 
ph se PE White clays 
ph se PE White clays 
ph se PE Pale while green spots 
it cc Pale green clay clots 
ii fc PE Green matrix to late la dyke? 
se fc GM Late Diorite dyke? 
se gy PE White clays 
al PE White clays 
gy se PE White clays 
gy se PE White clays 
se gy PE 
se PE Pale green clay aggregates 
se gy PE White clays 
se PE Pale cream and green clays 
gy se CV Powdery white clays 
gy FLT White fault gouge 
se PE Green and yellow clays 
se PE Brown clays 
ph se PE White clays 
se gy PE White and pale green clays 
mu PE Brown clays 
gy se SEL Pale brown selvedge to gypsum veins 
se PE 
se ph PE Brown clays 
it CV White clays 
se PE White and brown clays 
ph gy PE Light green clays (waxy) 
se gy PE White clays (abundant gypsum veins) 
se gy PE White clays (abundant gypsum veins) 
ph gy CV White cy vein re-opened by late gyp vng 
ph dk PE 
F3-46 
File 
47T053 
47T054 
47T055 
47T056 
47T057 
47T058 
47T059 
47T060 
47T061 
47T061 
47T062 
47T062 
47T063 
47T063 
47T064 
47T065 
47T066 
47T067 
47T068 
47T069 
47T070 
47T071 
47T072 
47T073 
47T074 
47T075 
47T076 
47T077 
47T078 
47T079 
47T080 
47T081 
47T082 
47T083 
47T084 
47T085 
47T086 
47T087 
47T088 
47T089 
47T090 
47T091 
47T092 
47T093 
47T094 
47T095 
47T096 
47T097 
47T098 
47T099 
47T100 
47T101 
47T102 
47T103 
Drill hole From To Lithology 
TMPD47 306.90 306.91 Hcy-si 
TMPD47 310.50 310.51 Hcy-si 
TMPD47 313.00 313.01 Hcy-si 
TMPD47 314.90 314.91 Hcy-si 
TMPD47 318.00 318.01 Hcy-si 
TMPD47 320.50 320.51 Hcy-si 
TMPD47 323. 75 323. 76 Hcy-si 
TMPD47 326.00 326.01 Hcy-si 
TMPD47 329.20 329.21 Hcy-si 
TMPD47 332.30 332.31 Hcy-si 
TMPD47 335.00 335.01 Hcy-si 
TMPD47 338.20 338.21 Hcy-si 
TMPD47 341.00 341 .01 iDI 
TMPD47 342.60 342.61 iDI 
TMPD47 345.10 345.11 iDI 
TMPD47 348.00 348.01 iDI 
TMPD47 352.60 352.61 iDI 
TMPD47 354.20 354.21 iDI 
TMPD50 010.00 010.01 Lcz 
TMPD50 012.30 012.31 Lcz 
TMPD50 016.30 016.31 Lcz 
TMPD50 019.45 019.46 Hey 
TMPD50 022.45 022.46 Hey 
TMPD50 025.60 025.61 Hey 
TMPD50 028.30 028.31 Hey 
TMPD50 032.00 032.01 Hcy-si 
TMPD50 035.55 035.56 Hcy-si 
TMPD50 039.50 039.51 Hcy-si 
TMPD50 042.60 042.61 Hcy-si 
TMPD50 045.30 045.31 Hcy-si 
TMPD50 048.30 048.31 Hcy-si 
TMPD50 051.60 051.61 Hcy-si 
TMPD50 054.20 054.21 Hcy-si 
TMPD50 056.45 056.46 Hcy-si 
TMPD50 059.50 059.51 ms-mHBX 
TMPD50 062.30 062.31 Hcy-si 
TMPD50 065.30 065.31 Hcy-si 
TMPD50 068.45 068.46 pla 
TMPD50 071.20 071.21 pla 
TMPD50 074.50 074.51 pla 
TMPD50 077.70 077.71 pla 
TMPD50 081.90 081 .91 pla 
TMPD50 085.70 085.71 Hcy-si 
TMPD50 088.20 088.21 Hcy-si 
TMPD50 091 .40 091.41 Hcy-si 
TMPD50 094.00 094.01 Hcy-si 
TMPD50 097.00 097.01 Hcy-si 
TMPD50 100.00 100.01 Hcy-si 
TMPD50 103.80 103.81 ms-mHBX 
TMPD50 106.80 106.81 ms-mHBX 
TMPD50 109.80 109.81 ms-mHBX 
TMPD50 112.80 112.81 ms-mHBX 
TMPD50 115.50 115.51 ms-mHBX 
TMPD50 118.30 118.31 ms-mHBX 
TMPD50 121.40 121.41 ms-mHBX 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
ph FLT White fault gouge 
se ph PE White and cream clays 
ph se gy PE 
ph dk gy FLT White fault gouge 
ph PE White clays 
se ph PE 
gy se PE Green and light brown clays 
dk PE 
se PE 
se PE Green and light brown clays 
se FLT Pale green fault gouge 
se gy PE 
it PH White (mostly fresh feldspar) 
it PE 
se fc PH Pale waxy green clays 
it PE White and green clays (after fd and hb) 
se fc PE Diorite 
se fc PE Diorite 
ha PE Light brown to white oxid cy (saprolite) 
ha PE Light brown to white oxid cy (saprolite) 
it PE Light brown to white oxid cy (saprolite) 
mm PE Light brown to white oxid cy (saprolite) 
mm 
. PE Light brown to white oxid cy (saprolite) 
mm PH White clay altered fd pheno. in pla (oxid) 
it PH White clay altered fd pheno. in pla (oxid) 
it PE White clay altered pla 
it PE White cy in cy alt pla (mostly oxid) 
mm PH White clay alt fd phenocrysts in pla 
mm PH White clay alt fd phenocrysts in pla 
mm PH White clay alt fd phenocrysts in pla 
mm PH White clay alt fd phenocrysts in pla 
mm ph PH White clay alt fd phenocrysts in pla 
it PE White clay altered pla 
it fc PE Light green plus white clay altered pla. 
ph dk PE Ashy white clay 
it PE White clays in altered pla 
it ph PE White clays in altered Hsi-<:y 
it PE White plus L.gm pale clay in cy alt pla 
it PH White clay alt fd phenocrysts in pla 
mm PH 
it PE White clay (partly oxidised) 
mm PH Wh cy alt fd pheno. (partly oxid g/mass) 
sm ph PE Grey 
ph PE White clays in Hsi-<:y alteration 
it ph PE White clays in Hsi-cy alteration 
dk ph PE 
dk ph PH White clay altered feldspar phenocrysts 
dk ph FLT White clay fault gouge 
it FLT White clay fault gouge 
dk ph di FLT White clay fault gouge 
it FLT White clay fault gouge 
ph dk FLT White clay fault gouge 
ph dk FLT White clay fault gouge 
ph FLT White clay fault gouge 
dk ph FLT White clay fault gouge 
F3-47 
File 
47T104 
47T105 
47T106 
47T107 
47T108 
47T109 
47T110 
47T111 
47T112 
47T113 
47T114 
47T115 
47T116 
47T117 
47T118 
47T119 
47T120 
47T121 
50T001 
50T002 
50T003 
50T004 
50T005 
50T006 
50T007 
50T008 
50T009 
50T010 
50T011 
50T012 
50T013 
50T014 
50T015 
50T016 
50T017 
50T018 
50T019 
50T020 
50T021 
50T022 
50T023 
50T024 
50T025 
50T026 
50T027 
50T028 
50T029 
50T030 
50T031 
50T032 
50T033 
50T034 
50T035 
50T036 
50T037 
Drillhole From To Lithology 
TMPD50 124.40 124.41 ms-mHBX 
TMPD50 127.00 127.01 ms-mHBX 
TMPD50 130.50 130.51 ms-mHBX 
TMPD50 133.60 133.61 ms-mHBX 
TMPD50 135.60 135.61 Hsi 
TMPD50 139.00 139.01 Hsi 
TMPD50 142.25 142.26 cHsi-cy 
TMPD50 145.55 145.56 cHsi-cy 
TMPD50 148.00 148.01 cHsi-cy 
TMPD50 149.00 149.01 cHsi-cy 
TMPD50 151 .70 151 .71 Hsi 
TMPD50 155.60 155.61 Hsi 
TMPD50 158.60 158.61 Hsi-cy 
TMPD50 161 .20 161.21 Hsi-cy 
TMPD50 164.10 164.11 Hsi-cy 
TMPD50 167.40 167.41 Hsi-cy 
TMPD50 171 .00 171 .01 Hsi-cy 
TMPD50 174.50 174.51 Hsi-cy 
TMPD50 177.20 177.21 Hsi-cy 
TMPD50 180.45 180.46 Hcy-si 
TMPD50 183.00 183.01 Hcy-si 
TMPD50 186.00 186.01 Hcy-si 
TMPD50 189.70 189.71 cs-mHBX 
TMPD50 192.60 192.61 cs-mHBX 
TMPD50 195.70 195.71 cs-mHBX 
TMPD50 198.15 198.16 Hcy-si 
TMPD50 201.40 201 .41 Hcy-si 
TMPD50 204.10 204.11 Hcy-si 
TMPD50 207.20 207.21 Hsi 
TMPD50 208.60 208.61 Hsi 
TMPD50 213.85 213.86 Hsi 
TMPD50 216.80 216.81 Hsi 
TMPD50 219.00 219.01 Hsi 
TMPD50 222. 70 222. 71 Hsi 
TMPD50 225.75 225.76 cHsi-cy 
TMPD50 230.00 230.01 Hcy-si 
TMPD50 233.00 233.01 Hcy-si 
TMPD50 238. 70 238. 71 pla 
TMPD50 238. 70 238. 71 pla 
TMPD50 241 .80 241 .81 pla 
TMPD50 244.00 244.01 pla 
TMPD50 247.70 247.71 ms-cBX 
TMPD50 251 .20 251.21 pla 
TMPD50 251 .20 251 .21 pla 
TMPD50 253.85 253.86 pla 
TMPD50 253.85 253.86 pla 
TMPD50 256.00 256.01 pla 
TMPD50 259.35 259.36 Hcy-si 
TMPD50 263.00 263.01 Hcy-si 
TMPD50 266.70 266.71 Hcy-si 
TMPD50 268.90 268.91 Hcy-si 
TMPD50 271.70 271 .71 Hcy-si 
TMPD50 274.70 274.71 Hcy-si 
TMPD50 277.60 277.61 Hcy-si 
TMPD50 280.60 280.61 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Mln3 Min4 Occurrence Comments 
k FLT White clay fault gouge 
it FLT White clay fault gouge 
k CV 1 mm white clay vein 
ph dk PE 
it PE White clay spots/blebs in Hsi 
it CV 1 mm white clay vein in Hsi 
se PE 
ph di PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
dk CV 1 mm light green to white wax:y clay vein 
it PE White clay spots in Hsi 
it CV 1 mm light green to white wax:y clay vein 
k CV 1 mm white clay vein 
k CV 1 mm white clay vein 
k CV 1 mm white clay vein 
ii FLT White clayey fault gouge 
se k PE 
ph dk PE 
se di PE White clays in Hsi-cy 
ph se di PE 
dk ph PE 
ph di PE White to pale light yellow clay 
ph 
. 
PE 
ph dk PE White clays in Hsi-cy 
ph di PE White clay 
ph di PE White clay 
ph dk PE White clay 
ph CV 1 mm white clay vein with minor me sing 
di ph PE 
k CV 2mm white clay vein with Ire me sing 
dk CV 1 mm white clay vein 
ph PE Clays in Hcy-si alteration 
k PE White clay spots in Hsi 
ph dk PE 
di cc White clays in 6mm clay clot. 
di ph PE White clay 
ph dk di PE Green plus yellow clay 
fc GM Green clays 
it PH White-yellow clay altered feldspar pheno 
it PH White-yellow clay altered feldspar pheno 
dk it PE Green (light and pale) plus yellow clays 
it PH White-yellow clay altered feldspar pheno 
fc GM Green clays 
it PH White-yellow clay altered feldspar pheno 
fc GM Green clays 
it PH White-yellow clay altered feldspar pheno 
it PH White-yellow clay altered feldspar pheno 
it PE 
it PE White clay spots in Hsi 
it PE 
it FLT White clayey fault gouge 
ph PE White clay 
dk CV 1 mm white clay vein 
dk CV 1 mm while clay vein 
ph PE 
F3-48 
File 
50T038 
50T039 
50T040 
50T041 
50T042 
50T043 
50T044 
50T045 
50T046 
50T047 
50T048 
50T049 
50T050 
50T051 
50T052 
50T053 
50T054 
50T055 
50T056 
50T057 
50T058 
50T059 
50T060 
50T061 
50T062 
50T063 
50T064 
50T065 
50T066 
50T067 
50T068 
50T069 
50T070 
50T071 
50T072 
50T073 
50T074 
50T076 
50T076 
50T077 
50T078 
50T079 
50T080 
50T080 
50T081 
50T081 
50T082 
50T083 
50T084 
50T085 
50T086 
50T087 
50T088 
50T089 
50T090 
Drill hole From To Lithology 
TMPD50 283.60 283.61 Hcy-si 
TMPD50 286.70 286.71 Hcy-si 
TMPD50 289.15 289.16 Hcy-si 
TMPD50 292.25 292.26 Hcy-si 
TMPD50 295.40 295.41 Hcy-si 
TMPD50 297.15 297.16 Hcy-si 
TMPD52 106.10 106.11 Hcy-si(HBX) 
TMPD52 119.20 119.21 Hcy-si(pla) 
TMPD52 120.10 120.11 Hcy-si(pla) 
TMPD52 122.90 122.91 vu Hsi 
TMPD52 125.20 125.21 vu Hsi 
TMPD52 152.70 152.71 Hcy-si 
TMPD52 158.90 158.91 Hey 
TMPD52 166.10 166.11 Hcy-si(HBX) 
TMPD52 173.00 173.01 cHsi-cy 
TMPD52 173.80 173.81 cHsi-cy 
TMPD52 178.30 178.31 cHsi-cy 
TMPD52 178.30 178.31 cHsi-cy 
TMPD52 184.50 184.51 cHsi-cy 
TMPD52 192.20 192.21 cHsi-cy 
TMPD52 201.60 201.61 Hcy-si 
TMPD52 209.60 209.61 cHsi-cy 
TMPD52 214.30 214.31 cHsi-cy 
TMPD52 218.10 218.11 cHsi-cy 
TMPD52 223.00 223.01 cHsi-cy 
TMPD52 224.60 224.61 cHsi-cy 
TMPD52 231.70 231.71 cHsi-cy 
TMPD52 236.00 236.01 cHsi-cy 
TMPD52 241 .30 241 .31 cHsi-cy 
TMPD52 246.80 246.81 cHsi-cy 
TMPD52 247.40 247.41 cHsi-cy 
TMPD52 259.40 259.41 Hsi-cy 
TMPD52 267.90 267.91 Hsi-cy 
TMPD52 292.90 292.91 Hsi-cy 
TMPD56 025.20 025.21 mHBX 
TMPD56 029.00 029.01 mHBX 
TMPD56 034.70 034.71 mHBX 
TMPD56 037.70 037.71 mHBX 
TMPD56 038.40 038.41 mHBX 
TMPD56 039.45 039.46 mHBX 
TMPD56 040.55 040.56 mHBX 
TMPD56 041.90 041 .91 mHBX 
TMPD56 045.15 045.16 mHBX 
TMPD56 048.15 048.16 mHBX 
TMPD56 049.60 049.61 pla 
TMPD56 050.30 050.31 mHBX 
TMPD56 055.75 055.76 ipla 
TMPD56 056.80 056.81 ipla 
TMPD56 057.50 057.51 ipla 
TMPD56 061 .30 061 .31 mHBX 
TMPD56 063.85 063.86 mHBX 
TMPD56 065.55 065.56 pla 
TMPD56 067.05 067.06 pla 
TMPD56 069.70 069.71 pla 
TMPD56 073.05 073.06 pla 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Min3 Mln4 Occurrence Comments 
ph dk PE White clays in Hsi-cy 
k CV 1 mm white clay vein 
k CV 1 mm white clay vein 
ph PE 
ph it PE 
ph PE Pale apple green greasy clay alteration. 
it mu CL 
mu PE 
dk CV 
mu CV 
mu vu 
it FLT 
it fc PE 
it CV 
dk CV 
dk CV 
dk CV 
dk ccs 
dk CV 
dk cc 
dk FLT 
dk CV 
ph ccs 
dk cc 
dk ccs 
it PE 
it ccs 
dk CV 
dk CV 
dk CV 
dk CV 
dk CV 
dk CV 
dk CV 
dk CV White clay 
dk CV White clay 
it dk fc HBX Green matrix to mHBX 
fc it mu PE 
it CV White cy in Hsi-cy fract in mHBX 
mu fc CL Yellow clay in mHBX (pla) clast 
fc dk it HBX Green alteration 
fc HBX Green alteration 
fc HBX Green alteration (weakly siliceous) 
fc it HBX Light green clay matrix to mHBX 
mu FLT White clay 
ph dk PE White clay alteration in Hcy-si 
it CV White clay 
gy CV White clay 
gy CV White clay 
ph dk PE Waxy light green clay 
ph PE Waxy light green clay 
mu it FLT White clay 
it fc PE Light green 
it fc PE Dirty white clay 
mu it PE White yellow clays 
F3-49 
File 
50T091 
50T092 
50T093 
50T094 
50T095 
50T096 
56T030 
56T031 
56T029 
56T028 
56T027 
56T026 
56T025 
56T024 
56T023 
56T022 
56T018 
56T021 
56T020 
56T019 
56T017 
56T016 
56T015 
56T014 
56T013 
56T012 
56T011 
Drillhole From To Litholoav 
TMPD56 077.30 077.31 pla 
TMPD56 077.30 077.31 pla 
TMPD56 078.20 078.21 pla 
TMPD56 078.20 078.21 pla 
TMPD56 079.85 079.86 mHBX 
TMPD56 081.70 081.71 pla 
TMPD56 081.70 081 .71 pla 
TMPD56 084.85 084.86 pla 
TMPD56 084.85 084.86 pla 
TMPD56 087.15 087.16 pla 
TMPD56 087.15 087.16 pla 
TMPD56 091.10 091.11 pla 
TMPD56 091.10 091.11 pla 
TMPD56 092. 70 092. 71 pla 
TMPD56 097.70 097.71 pla 
TMPD56 099.60 099.61 pla 
TMPD56 100.20 100.21 mHBX 
TMPD56 103.15 103.16 pla 
TMPD56 103.80 103.81 pla 
TMPD56 106.40 106.41 pla 
TMPD56 111 .10 111.11 pla 
TMPD56 111.10 111.11 pla 
TMPD56 115.00 115.01 pla 
TMPD56 119.40 119.41 pla 
TMPD56 120.90 120.91 pla 
TMPD56 123.00 123.01 pla 
TMPD56 129.10 129.11 pla 
TMPD56 130.20 130.21 pla 
TMPD56 133.05 133.06 pla 
TMPD56 135.95 135.96 pla 
TMPD56 137.20 137.21 Hcy-si 
TMPD56 137.80 137.81 Hcy-si 
TMPD56 137.80 137.81 Hcy-si 
TMPD56 138.80 138.81 Hcy-si 
TMPD56 139.70 139.71 la 
TMPD56 144.50 144.51 pla 
TMPD56 146.20 146.21 pla 
TMPD56 148.00 148.01 pla 
TMPD56 149.60 149.61 pla 
TMPD56 151 .20 151.21 pla 
TMPD56 154.15 154.16 Hcy-si 
TMPD56 157.10 157.11 pla 
TMPD56 161 .20 161 .21 Hcy-si 
TMPD56 163.30 163.31 Hcy-si 
TMPD56 165.60 165.61 la 
TMPD56 167.30 167.31 cvbx 
TMPD56 170.65 170.66 cvbx 
TMPD56 174.60 174.61 cvbx 
TMPD56 174.60 174.61 cvbx 
TMPD56 177.50 177.51 cvbx 
TMPD56 177.50 177.51 cvbx 
TMPD56 181.50 181.51 cvbx 
TMPD56 183.80 183.81 cvbx 
TMPD56 183.80 183.81 cvbx 
TMPD56 186.00 186.01 cvbx 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
it PH White clay 
mu fc GM 
it PH White clay 
mu fc GM 
mu it PE White clay in mHBX 
mu fc GM 
it mu PH Yellow clay plus white-green clays 
it PH White - green clay 
fmc GM 
it PH White - green clay 
mu fc GM Green groundmass 
it PH White - green clay 
mu fc GM 
mu PH Light green 
dk ph PH White clay 
mu PH White clay 
dk it PE White and yellow clays 
dk it PE White yellow clays 
mu it PH White clay 
dk it PE White clay 
dk ph CV White clay 
ph dk PH Waxy light green clay 
ph dk PE Yellow light brown clay 
fc GM Green 
dk ph PE White clay 
dk ph PE White clay 
dk ph PH Light green waxy clay 
dk ph PH Pale green and light brown clays 
ph it PE Light brown clay 
ph PH 
it PE White clay 
mu CV Waxy green clay 
dk PE White clay 
dk PE White clay 
fc PE Green 
ph PE White clay 
ph PE White clay 
fc PE Green 
fc PE Green 
ph PE White clay 
ph k PE White clay 
dk CV Pale green waxy clay 
dk ph PE White clay 
ph PE Yellow brown clay 
dk fc PE Green 
dk PE White clay 
dk PE White clay 
dk CV Waxy light green clay 
dk PE White clay 
dk CV White clay 
dk PE White clay 
dk PE White clay 
dk PE White clay 
dk PH Waxy light green clay 
dk PE White clay 
F3-50 
File 
56T010 
56T010 
56T009 
56T009 
56T008 
56T007 
56T007 
56T006 
56T006 
56T005 
56T005 
56T004 
56T004 
56T003 
56T001 
56T002 
56T032 
56T033 
56T034 
56T035 
56T036 
56T036 
56T037 
56T038 
56T039 
56T040 
56T041 
56T042 
56T043 
56T044 
56T045 
56T046 
56T047 
56T048 
56T049 
56T050 
56T051 
56T052 
56T053 
56T054 
56T055 
56T056 
56T057 
56T058 
56T059 
56T060 
56T061 
56T063 
56T062 
56T065 
56T064 
56T066 
56T067 
56T067 
56T068 
Drill hole From To Lithology 
TMPD56 189.10 189.11 cvbx 
TMPD56 191.60 191.61 Hsi-cy 
TMPD56 194.10 194.11 Hsi-cy 
TMPD56 196.00 196.01 Hsi-cy 
TMPD56 198.60 198.61 Hsi-cy 
TMPD56 202.70 202.71 Hsi 
TMPD56 205.00 205.01 Hcy-si 
TMPD56 205.00 205.01 Hcy-si 
TMPD56 208.10 208.11 Hcy-si 
TMPD56 210.55 210.56 Hcy-si 
TMPD56 214.00 214.01 Hcy-si 
TMPD56 214.00 214.01 Hcy-si 
TMPD56 217.60 217.61 Hcy-si 
TMPD56 217.60 217.61 Hcy-si 
TMPD56 220.00 220.01 Hcy-si 
TMPD56 224.00 224.01 Hcy-si 
TMPD56 226.10 226.11 Hcy-si 
TMPD56 227 .25 227 .26 iDI 
TMPD56 227.60 227.61 iDI 
TMPD56 227.60 227.61 iDI 
TMPD56 230.60 230.61 iDI 
TMPD56 233.60 233.61 iDI 
TMPD56 237.10 237.11 iDI 
TMPD56 237.10 237.11 iDI 
TMPD56 240.50 240.51 iDI 
TMPD56 240.50 240.51 iDI 
TMPD56 242.80 242.81 DI 
TMPD56 244.55 244.56 cHsi-cy 
TMPD56 249.20 249.21 cHsi-cy 
TMPD56 253.40 253.41 cHsi-cy 
TMPD56 258.30 258.31 cHsi-cy 
TMPD56 262.60 262.61 cHsi-cy 
TMPD56 262.60 262.61 cHsi-cy 
TMPD56 266.20 266.21 cHsi-cy 
TMPD56 271.40 271.41 cHsi-cy 
TMPD56 274.00 274.01 cHsi-cy 
TMPD56 277.60 277.61 cHsi-cy 
TMPD56 280.80 280.81 cHsi-cy 
TMPD56 283.40 283.41 DI 
TMPD56 287.00 287.01 DI 
TMPD56 289.60 289.61 DI 
TMPD56 293.60 293.61 DI 
TMPD56 296.70 296.71 DI 
TMPD56 299.60 299.61 DI 
TMPD56 301 .00 301.01 DI 
TMPD56 304.50 304.51 DI 
TMPD56 307.50 307.51 DI 
TMPD56 310.50 310.51 DI 
TMPD56 312.20 312.21 Tuffisite 
TMPD56 316.25 316.26 DI 
TMPD56 320.00 320.01 DI 
TMPD56 323.30 323.31 DI 
TMPD56 327.60 327.61 DI 
TMPD56 332.50 332.51 DI 
TMPD56 335.00 335.01 DI 
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Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ph dk PE White and yellow brown clays 
dk PE White clay in tectonic breccia 
dk PE White clay 
dk PE White clay 
dk PE White clay 
dk ph PH Light green clay 
dk CV White clay 
ph dk PE White and yellow brown clays 
dk ph PE White clay 
ph dk PE White and brown yellow clays 
dk CV White clay 
dk ph PE White and brown yellow clays 
dk CV White clay 
ph dk PE Brown and white clays 
ph dk PE Brown yellow and white clays 
ph dk PE Brown yellow and white clays 
dk ph PE White clay 
mu it PE White clay alt over 5 cm band OP iDI 
fc PE Green 
dk CV White clay 
fc PE Green 
fc PE Green 
fc PE Green 
dk PH While clay 
fc PE Green 
dk CV White clay 
ph dk PE White and waxy light green clays 
mu PE White clay in fault zone 
mu PE White clay in fault zone 
ph dk PE While clay in fault zone 
ph dk cc Yellow clots 
mu CV 
ph mu cc Yellow clays 
ph mu PE White yellow clays 
ph mu PE White yellow clays 
ph mu PE White yellow clays 
it k PE White clay in tectonic breccia 
mu it PE White clay in tectonic breccia 
it mu PE White clay 
mu it PE White clay 
it PE 
fc PE Green clay 
dk fc ph PE White and green clays 
dk ph PE Pale light green clay 
mu PE 
mu PE White clay in tectonic breccia 
mu PE Pale light green clays 
dk ph PE Pale green and white clays 
mu dk PE Brown clay 
mu PE White and light brown clays 
mu PE White and light brown clays 
it PE 
it PE White clay 
it fc PE White clay 
ii PE White clay 
F3-51 
File 
56T069 
56T070 
56T071 
56T072 
56T073 
56T074 
56T076 
56T075 
56T077 
56T078 
56T080 
56T079 
56T082 
56T081 
56T083 
56T084 
56T085 
56T086 
56T089 
56T088 
56T087 
56T090 
56T091 
56T091 
56T092 
56T092 
56T122 
56T093 
56T094 
56T095 
56T096 
56T098 
56T097 
56T099 
56T100 
56T101 
56T102 
56T103 
56T104 
56T105 
56T106 
56T107 
56T108 
56T109 
56T110 
56T111 
56T112 
56T113 
56T114 
56T115 
56T116 
56T117 
56T118 
56T119 
56T120 
Drillhole From To Litholoav 
TMPD56 340.50 340.51 DI 
TMPD56 347.10 347.11 DI 
TMPD56 350.10 350.11 Tuffisite 
TMPD56 353.00 353.01 DI 
TMPD56 356.20 356.21 DI 
TMPD56 360.40 360.41 Di 
TMPD56 364.70 364.71 Di 
TMPD56 367.70 367.71 DI 
TMPD56 370.85 370.86 DI 
TMPD56 373.20 373.21 DI 
TMPD56 376.50 376.51 DI 
TMPD56 384.10 384.1 1 DI 
TMPD56 386.00 386.01 DI 
TMPD56 390.60 390.61 DI 
TMPD56 395.20 395.21 DI 
TMPD56 400.80 400.81 DI 
TMPD56 404.20 404.21 DI 
TMPD56 406.10 406.11 DI 
TMPD56 411.21 411.21 DI 
TMPD56 415.70 415.71 DI 
TMPD56 418.80 418.81 DI 
TMPD56 422.50 422.51 DI 
TMPD56 426.19 426.20 DI 
TMPD57 022.45 022.46 Lcz 
TMPD57 030.21 030.22 pla 
TMPD57 032.65 032.66 pla 
TMPD57 036.55 036.56 ms-cBX 
TMPD57 039.55 039.56 pla(B) 
TMPD57 046. 70 046. 71 pla(B) 
TMPD57 050.01 050.01 pla 
TMPD57 054.00 054.01 pla 
TMPD57 059.97 059.98 pla 
TMPD57 062.64 062.65 pla 
TMPD57 065.58 065.59 pla 
TMPD57 070.80 070.81 pla 
TMPD57 073.00 073.01 pla 
TMPD57 077.58 077.59 Hcy-si 
TMPD57 081 .60 081.61 Hsi 
TMPD57 084.00 084.01 Hsi 
TMPD57 087.06 087.07 Hsi 
TMPD57 087.64 087.65 Hsi 
TMPD57 087.72 087.73 Hsi 
TMPD57 089.55 089.56 Hsi 
TMPD57 092.66 092.67 Hsi 
TMPD57 096.60 096.61 Hsi 
TMPD57 099.00 099.01 Hcy-si 
TMPD57 101.05 101.06 la 
TMPD57 101.20 101.21 la 
TMPD57 102.10 102.11 Hsi-<::y 
TMPD57 102.30 102.31 Hsi-<::y 
TMPD57 102.90 102.91 DI 
TMPD57 105.00 105.01 DI 
TMPD57 107.80 107.81 Hsi-<::y 
TMPD57 109.30 109.31 Hsi-<::y 
TMPD57 109.60 109.61 Hsi-<::y 
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Min1 Min2 Min3 Min4 Occurrence Comments 
mu it PE White clay 
it PE White and waxy light green clays 
mu it PE Light brown to cream clays 
it PE White clay 
it fc PE White and green clays 
k PE White clay 
it PE Green white clays 
se PE White and green clays 
it PE White and green clays 
it PE White and green clays 
it PE White clay 
it k PE White clay 
it PE Puggy white clay 
it PE White clay 
it PE White and light green clays 
it PE White and light green clays 
it PE White and light green clays 
it PE White and light green clays 
it PE White and light green clays 
it PE White and light green clays 
it PE White and light brown clays 
it PE White and light green clays 
it PE White and light green clays 
k PE Weathered brown-orange la 
k CV Brown orange weathered clay veins 
k PE Porphyritic andesite with clay alteration. 
mm PH White clay weath feldspar pheno. in la 
mm PE Green plus white clays 
mm CV Clay vein 
sm fc PE Green clays 
sm PE Green clays 
it CV Slickenslides on clay vein 
mm it CV White clay vein 
mm k PE 
it PE Clay altered andesite 
sm fc PE Pale green clays 
dk HBX White clay-silica matrix to HBX 
dk PE White clay 
mu PE Pale green to pale yellow clays 
se CV White clay vein in massive silica 
ph it PE Waxy green clays 
ph it PE Yellow-green waxy clays and chlorite 
dk PE 
dk PE White clays 
dk CV Qtz-<::y vein 
ph it PE White clays 
it PE Green-grey pla 
ph PE White clay 
ph it PE Grey-white clays 
ph it FLT Grey-white clayey fault gouge 
se PE Pervasive white-grey clays 
it PE Yellow-white clays 
se PE 
it PE Brown clays in massive silica 
se PE 
F3-52 
File 
56T121 
56T123 
56T124 
56T125 
56T126 
56T127 
56T128 
56T129 
56T130 
56T132 
56T131 
56T133 
56T134 
56T135 
56T136 
56T137 
56T138 
56T139 
56T140 
56T141 
56T142 
56T143 
56T144 
57T076 
57T077 
57T078 
57T079 
57T001 
57T082 
57T003 
57T004 
57T100 
57T083 
57T084 
57T087 
57T005 
57T088 
57T089 
57T006 
57T095 
57T096 
57T085 
57T086 
57T090 
57T091 
57T007 
57T101 
57T102 
57T103 
57T104 
57T105 
57T008 
57T106 
57T092 
57T107 
Drlllhole From To Litholoav 
TMPD57 110.68 110.69 Hsi-cy 
TMPD57 111 .30 111 .31 Hsi-cy 
TMPD57 112.60 112.61 pla 
TMPD57 114.25 114.26 Hsi-cy 
TMPD57 117.00 117.01 pla 
TMPD57 118.80 118.81 Hsi-cy 
TMPD57 120.30 120.31 Hsi-cy 
TMPD57 122.80 122.81 Hsi-cy 
TMPD57 124.10 124.11 Hsi-cy 
TMPD57 125.70 125.71 pla 
TMPD57 127.30 127.31 Hcy-si 
TMPD57 129.06 129.07 Hsi-cy 
TMPD57 130.35 130.36 Hsi-cy 
TMPD57 130.55 130.56 Hsi-cy 
TMPD57 133.00 133.01 Hcy-si 
TMPD57 136.40 136.41 Hcy-si 
TMPD57 138.00 138.01 Hcy-si 
TMPD57 140.55 140.56 Hcy-si 
TMPD57 142.65 142.66 pla 
TMPD57 145.00 145.01 pla 
TMPD57 146.90 146.91 pDI 
TMPD57 149.40 149.41 pDI 
TMPD57 152.00 152.01 pDI 
TMPD57 154.30 154.31 pDI 
TMPD57 157.00 157.01 pDI 
TMPD57 158.90 158.91 pDI 
TMPD57 159.40 159.41 pDI 
TMPD57 163.60 163.61 pDI 
TMPD57 165.90 165.91 pDI 
TMPD57 167.50 167.51 pDI 
TMPD57 170.30 170.31 pla 
TMPD57 172.40 172.41 pla 
TMPD57 175.40 175.41 pla 
TMPD57 178.00 178.01 Hsi-cy 
TMPD57 181 .00 181 .01 Hsi-cy 
TMPD57 183.80 183.81 Hsi-cy 
TMPD57 184.50 184.51 Hsi-cy 
TMPD57 186.00 186.01 pla 
TMPD57 188.60 188.61 pla 
TMPD57 190.80 190.81 pla 
TMPD57 193.00 193.01 pla 
TMPD57 195.00 195.01 pla 
TMPD57 197.55 197.56 pDI 
TMPD57 199.00 199.01 pDI 
TMPD57 201 .10 201 .11 pDI 
TMPD57 204.00 204.01 pDI 
TMPD57 204.00 204.01 pDI 
TMPD57 206.70 206.71 pDI 
TMPD57 209.00 209.01 pDI 
TMPD57 212.55 212.56 pDI 
TMPD57 215.20 215.21 pDI 
TMPD57 218.50 218.51 pDI 
TMPD57 221 .00 221 .01 pDI 
TMPD57 224.55 224.56 pDI 
TMPD57 226.85 226.86 pDI 
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Mln1 Min2 Min3 Mln4 Occurrence Comments 
it CV White clay veins 
se PE 
it PE Yellow-brown clay alteration 
ph it di PE 
se PE Yellow-green clays 
ph it PE 
it PE 
se PE 
ph PE 
it CV White clay vein 
it fc PE 
it CV White clay vein 
it PE 
it CV White clay vein 
it dk PE Yellow-green clays 
se PE 
se fc PE Yellow-green clays 
mu PE 
it fc PE 
se PE Yellow-green clays 
it fc PE 
it fc cb PE 
mu PE Yellow-white clays 
se PE 
mu PE White clays in Hsi-cy 
ph it PE 
se fc PE 
se PE 
se PE 
se fc PE 
it PE 
mu PE 
mu PE 
mu PE White clays in Hsi-cy 
mu PE Pale waxy green clays 
se PE 
se PE 
se PE White-yellow clays in Hsi-cy 
it fc PE 
se fc PE 
it fc PE 
se fc PE Waxy green clays 
ph it PE 
mu PE Yellow-white clays 
se ph PE 
fc GM Pale green groundmass 
se PH White clay altered feldspar phenocrysts 
se fc PE 
mu PE Yellow clays 
it PE 
it fc PE 
it PE 
mu PE Yellow-white clays after feldspar 
mu PE 
se PE 
I F3-53 
Fiie 
57T094 
57T108 
57T093 
57T109 
57T009 
57T110 
57T111 
57T097 
57T112 
57T098 
57T113 
57T099 
57T010 
57T114 
57T011 
57T1 15 
57T116 
57T012 
57T117 
57T118 
57T013 
57T119 
57T014 
57T120 
57T121 
57T122 
57T123 
57T124 
57T125 
57T126 
57T127 
57T015 
57T016 
57T128 
57T129 
57T017 
57T130 
57T131 
57T133 
57T018 
57T132 
57T019 
57T134 
57T020 
57T020 
57T135 
57T021 
57T136 
57T137 
57T138 
57T022 
57T139 
57T140 
Drillhole From To Lithology 
TMPD57 230.40 230.41 pDI 
TMPD57 232.00 232.01 pDI 
TMPD57 234.50 234.51 pDI 
TMPD57 237.00 237.01 la 
TMPD57 239.20 239.21 la 
TMPD57 241 .00 241.01 la 
TMPD57 244.10 244.1 1 la 
TMPD57 247.00 247.01 la 
TMPD57 250.50 250.51 la 
TMPD57 253.00 253.01 la 
TMPD57 257.35 257.36 la 
TMPD57 260.35 260.36 la 
TMPD57 264.00 264.01 la 
TMPD57 268.20 268.21 la 
TMPD57 271 .20 271 .21 la 
TMPD57 275.00 275.01 la 
TMPD57 279.10 279.1 1 la 
TMPD57 280.10 280.11 la 
TMPD57 283.00 283.01 la 
TMPD57 288.00 288.01 la 
TMPD57 291 .00 291.01 la 
TMPD57 293.05 293.06 la 
TMPD57 296.00 296.01 la 
TMPD57 296.00 296.01 la 
TMPD57 300.85 300.86 Hsi-cy 
TMPD57 303.00 303.01 Hsi-cy 
TMPD57 306.00 306.01 pla 
TMPD57 309.60 309.61 pla 
TMPD57 311 .00 311 .01 pla 
TMPD57 314.70 314.71 pla 
TMPD57 317.00 317.01 pla 
TMPD57 321 .00 321.01 pla 
TMPD57 324.20 324.21 pla 
TMPD57 326.50 326.51 pla 
TMPD57 329.60 329.61 pla 
TMPD57 333.00 333.01 pla 
TMPD57 335.70 335.71 Hsi-cy 
TMPD57 339.40 339.41 pla 
TMPD57 342.00 342.01 pla 
TMPD57 345.00 345.01 pla 
TMPD57 347.00 347.01 pla 
TMPD57 351 .00 351 .01 pla 
TMPD57 354.65 354.66 pla 
TMPD57 357.00 357.01 pla 
TMPD57 360.00 360.01 DI (late dyke) 
TMPD57 363.00 363.01 pla 
TMPD57 366.00 366.01 pla 
TMPD57 369.40 369.41 pla 
TMPD57 372.00 372.01 pla 
TMPD57 374.50 374.51 pla 
TMPD57 376.50 376.51 pla 
TMPD57 379.50 379.51 pla 
TMPD57 382.00 382.01 pla 
TMPD57 387.80 387.81 pla 
TMPD57 390.00 390.01 pla 
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Min1 Min2 Min3 Mln4 Occurrence Comments 
it PE 
se fc PE Yellow-green clays 
it fc PE 
ha PE Yellow-green clays 
it fc cb PE 
se fc PE Green plus yellow clays 
it fc PE 
se fc PE Green plus yellow clays 
se PE 
se PE 
it fc PE 
it fc PE 
se fc PE 
it fc PE 
it fc PE 
mu PE Green plus yellow clays 
it fc PE 
it fc PE 
it fc PE 
fc PE 
se fc PE 
se fc PE 
fc GM Green clays (chloritic?) 
se PH Yellow-white clays after fd pheno 
se PE 
mu PH White clays spots in Hsi-cy 
se fc PE Green clays 
it fc PE 
it fc PE Green clays 
it fc PE 
se PE 
sm fc PE Green clays 
it fc PE 
se fc PE Green clays 
it le PE 
se PE Light yellow-white clays 
se PE 
se le PE 
fc PE Green clays 
le PE Green clays 
se PE 
it fc PE 
it fc PE 
it fc PE 
it fc PE White plus dark green clays 
se le PE Green clays 
le PE Wh cy after K-spar plus gm cy ( chlor?) 
le PE 
se fc PE Dark green (chlorite?) 
it gy fc PE Pale green clays 
it cb PE 
le PE Pale grn g/mass plus white cy alt pheno 
fc it PE 
fc PE 
fc PE Green 
E3-54 
File 
57T141 
57T023 
57T142 
57T024 
57T143 
57T025 
57T144 
57T026 
57T145 
57T027 
57T146 
57T147 
57T028 
57T148 
57T149 
57T029 
57T150 
57T151 
57T030 
57T1 52 
57T031 
57T153 
57T032 
57T032 
57T154 
57T033 
57T034 
57T155 
57T035 
57T156 
57T036 
57T037 
57T157 
57T038 
57T158 
57T039 
57T159 
57T160 
57T040 
57T041 
57T161 
57T042 
57T162 
57T043 
57T044 
57T045 
57T046 
57T163 
57T047 
57T048 
57T164 
57T049 
57T050 
57T165 
57T051 
Drillhole From To Litholoav 
TMPD57 393.00 393.01 pla 
TMPD57 397.70 397.71 pla 
TMPD57 400.00 400.01 pla 
TMPD57 404.00 404.01 pla 
TMPD57 408.35 408.36 pla 
TMPD57 408.36 408.37 pla 
TMPD57 411 .00 411 .01 pDI 
TMPD57 413.70 413.71 pDI 
TMPD57 417.00 417.01 pDI 
TMPD57 419.50 419.51 pDI 
TMPD57 422.90 422.91 pDI 
TMPD57 426.40 426.41 pDI 
TMPD57 429.00 429.01 pDI 
TMPD57 432.40 432.41 pDI 
TMPD57 435.00 435.01 pDI 
TMPD57 438.00 438.01 pDI 
TMPD57 442.00 442.01 pDI 
TMPD57 445.20 445.21 DI (late dyke) 
TMPD57 448.00 448.01 DI (late dyke) 
TMPD57 451 .00 451 .01 DI (late dyke) 
TMPD57 454.40 454.41 DI (late dyke) 
TMPD57 457.00 457.01 DI (late dyke) 
TMPD57 460.00 460.01 DI (late dyke) 
TMPD57 463.60 463.61 DI (late dyke) 
TMPD57 467 .00 467 .01 pDI 
TMPD57 470.00 470.01 pDI 
TMPD57 473.00 473.01 pDI 
TMPD57 476.00 476.01 pDI 
TMPD57 479.25 479.26 DI (late dyke) 
TMPD57 482.00 482.01 pDI 
TMPD57 485.00 485.01 pDI 
TMPD57 488.00 488.01 pDI 
TMPD57 491.00 491 .01 pDI 
TMPD57 494.00 494.01 pDI 
TMPD57 497.40 497.41 pDI 
TMPD57 499.95 499.96 pDI 
TMPD62 022.95 022.96 Hsi-cy(HBX)· 
TMPD62 026.40 026.41 Hsi-cy(pla) 
TMPD62 030.25 030.26 Hsi-cy(pla) 
TMPD62 031 .40 031.41 Hsi-cy(pla) 
TMPD62 034.30 034.31 Hsi-cy(pla) 
TMPD62 036.30 036.31 Hsi-cy(pla) 
TMPD62 038.10 038.11 Hsi-cy(pla) 
TMPD62 046.65 046.66 Hsi-cy(HBX) 
TMPD62 047.20 047.21 Hcy-si(HBX) 
TMPD62 051 .80 051.81 Hcy-si 
TMPD62 052.30 052.31 Hcy-si 
TMPD62 056.40 056.41 vu Hsi 
TMPD62 059.00 059.01 vu Hsi 
TMPD62 061.70 061.71 vu Hsi 
TMPD62 066.50 066.51 ms-mHBX 
TMPD62 072.85 072.86 vu Hsi 
TMPD62 074.75 074.76 Hsi(HBX) 
TMPD62 075.00 075.01 Hsi(HBX) 
TMPD62 078.20 078.21 cs-mHBX 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it fc PE Pale light green plus white clays 
it fc PE 
se PE 
it fc PE Dark green (waxy) 
it CV 
fc PE 
se PE 
it fc gy PE 
it fc PE Pale green clays 
it gy fc PE Pale green clays 
it fc PE 
fc it PE Dark green clays 
dk it le PE Dark green clays 
it PE 
it fc PE Dark green clays 
it gy fc PE Dark green clays plus gypsum veining 
it fc PE Dark green clays 
se PE 
se PE White clay altered DI 
it gy PE White clay altered DI 
se fc PE 
it fc PE White clay altered DI 
it gy PE White clay altered DI 
it gy PE 
it gy fc PE White clay altered DI 
se fc PE 
se PE Dark green clays (chloritic??) 
it gy le PE Light green plus white clays 
se PE 
it fc PE 
it PE 
it fc PE Light green plus white clays 
it le PE Light green plus white clays 
se fc PE Light green plus white clays 
it fc PE 
le se PE Dark green plus minor white clays 
ph dk CV 
ph dk PH 
ph dk PH 
ph PH 
dk PH 
dk PE 
it PE 
it PE 
dk PE 
it PE 
it PE 
it CV 
it vu 
dk ph CV 
se PE White clays in pla 
it vu 
dk ph CV 
it CV 
se PE Minor white clays specks in vuHsi 
F3-55 
File 
57T052 
57T166 
57T053 
57T054 
57T167 
57T167 
57T055 
57T168 
57T056 
57T057 
57T169 
57T058 
57T059 
57T060 
57T061 
57T062 
57T170 
57T063 
57T064 
57T171 
57T065 
57T066 
57T172 
57T067 
57T068 
57T069 
57T070 
57T173 
57T071 
57T174 
57T072 
57T073 
57T074 
57T175 
57T075 
62T001 
62T002 
Drill hole From To Lltholoav 
TMPD62 081.30 081 .31 Hsi(HBX) 
TMPD62 083.10 083.11 vu Hsi 
TMPD62 086.00 086.01 vu Hsi 
TMPD62 090.80 090.81 Hsi(HBX) 
TMPD62 091.85 091.86 vu Hsi 
TMPD62 096.25 096.26 Hcy-si(HBX) 
TMPD62 098.30 098.31 Hcy-si(HBX) 
TMPD62 099.98 099.99 Hsi(HBX) 
TMPD62 101.70 101.71 Hsi(HBX) 
TMPD62 104.10 104.11 Hsi(pla) 
TMPD62 106.02 106.03 Hsi(pla) 
TMPD62 108.25 108.26 Hsi(pla) 
TMPD62 111.00 111.01 Hsi(pla) 
TMPD62 114.00 114.01 cs-mHBX 
TMPD62 116.40 116.41 Hcy-si(HBX) 
TMPD62 118.70 118.71 Hcy-si(HBX) 
TMPD62 122.00 122.01 cs-mHBX 
TMPD62 126.10 126.11 Hcy-si(HBX) 
TMPD62 130.00 130.01 ipla 
TMPD62 133.25 133.26 ipla 
TMPD62 137.00 137.01 cs-mHBX 
TMPD62 140.00 140.01 cs-mHBX 
TMPD62 143.30 143.31 Hsi-cy 
TMPD62 147.00 147.01 Hsi-cy 
TMPD62 150.00 150.01 Hsi-cy 
TMPD62 153.00 153.01 Hsi-cy 
TMPD62 156.30 156.31 cs-mHBX 
TMPD62 159.00 159.01 Hsi-cy 
TMPD62 161 .10 161.11 Hsi-cy 
TMPD62 164.20 164.21 Hsi-cy 
TMPD62 167.50 167.51 Hsi-cy 
TMPD62 170.50 170.51 Hsi-cy 
TMPD62 173.80 173.81 Hsi-cy 
TMPD62 177.00 177.01 Hcy-si 
TMPD62 180.00 180.01 Hcy-si 
TMPD62 183.50 183.51 Hcy-si 
TMPD62 187.10 187.11 Hcy-si 
TMPD62 190.20 190.21 Hcy-si 
TMPD62 193.20 193.21 Hcy-si 
TMPD62 197.00 197.01 Hcy-si 
TMPD62 200.60 200.61 Hcy-si 
TMPD62 204.00 204.01 Hcy-si 
TMPD62 207 .60 207 .61 Hcy-si 
TMPD62 211.00 211.01 Hcy-si 
TMPD62 215.00 215.01 Hcy-si 
TMPD62 218.30 218.31 Hcy-si 
TMPD62 221 .60 221 .61 Hcy-si 
TMPD62 224.40 224.41 Hsi-cy 
TMPD62 227.40 227.41 Hsi-cy 
TMPD62 231.30 231 .31 Hsi-cy 
TMPD62 234.30 234.31 Hsi-cy 
TMPD62 238.00 238.01 Hcy-si 
TMPD62 241.00 241.01 Hsi-cy 
TMPD62 244.10 244.11 Hsi-cy 
TMPD62 248.50 248.51 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
dk ph CV 
ph dk vu 
se PE Oxid. white clays in Lm/Goeth matrix 
mu it CV 
mu it CV 
mu it PE 
mu it PE 
mu it CV 
mu it CV 
se PE White clays in mineralised Hsi-cy 
mu it vu 
mu it CV 
se PH White clays in Hsi-cy altered pla 
se PE White clay 
mu it PE 
mu it PE 
se PE White clay 
mu it PE 
it ph PE White clay 
it fc PE 
se PE 
it ph PE White clays (Hey) 
se PE White plus light brown clays 
it PE White plus light brown clays 
it ph PE 
it PE Light brown clays 
it PE White clays 
ph PE 
ph it PE Light brown clays 
ph it PE White clays 
ph it PE White to light brown clays 
ph it PE 
ph it PE White to light brown clays 
it PE 
se FLT White puggy clay fault gouge 
ph se PE White clays 
ph se PE White clays in Hsi-cy 
it PE 
se PE 
ph it PE White to light yellow clays 
se PE White clays 
dk PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
dk PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
se PE White to light yellow clays 
ph se PE White to light yellow clays 
ph PE Waxy light brown clays 
ph mu PE White to light yellow clays 
se PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
se PE Light yellow clays 
se PE White clays 
mu PE White clays 
ph PE White clays 
E3-56 
File 
62T003 
62T005 
62T006 
62T007 
62T008 
62T009 
62T010 
62T011 
62T012 
62T013 
62T014 
62T015 
62T016 
62T019 
62T017 
62T018 
62T020 
62T021 
62T022 
62T023 
62T024 
62T025 
62T026 
62T027 
62T028 
62T029 
62T030 
62T031 
62T032 
62T033 
62T034 
62T035 
62T036 
62T037 
62T038 
62T039 
62T040 
62T041 
62T042 
62T043 
62T044 
Drill hole From To Litholoav 
TMPD62 251 .50 251.51 Hsi-cy 
TMPD62 254.60 254.61 Hsi-cy 
TMPD62 257 .80 257 .81 Hsi-cy 
TMPD62 261 .30 261 .31 Hsi-cy 
TMPD62 264.50 264.51 Hsi-cy 
TMPD62 268.00 268.01 Hsi-cy 
TMPD62 271.60 271.61 DI 
TMPD62 275.00 275.01 Hsi-cy 
TMPD62 278.00 278.01 Hsi-cy 
TMPD62 281 .00 281.01 pla 
TMPD62 284.00 284.01 pla 
TMPD62 287 .00 287 .01 ipla 
TMPD62 290.50 290.51 Hsi-cy 
TMPD62 294.40 294.41 Hsi-cy 
TMPD62 298.10 298.11 Hsi-cy 
TMPD62 301 .80 301.81 Hsi-cy 
TMPD62 305.00 305.01 Hsi-cy 
TMPD62 308.00 308.01 Hsi-cy 
TMPD62 311 .40 311 .41 Hsi-cy 
TMPD62 314.00 314.01 Hsi-cy 
TMPD62 317.00 317.01 Hsi-cy 
TMPD62 320.00 320.01 Hsi-cy 
TMPD62 323.00 323.01 Hsi-cy 
TMPD62 327.00 327.01 Hsi-cy 
TMPD62 330.30 330.31 Hsi-cy 
TMPD62 334.00 334.01 Hcy-si 
TMPD62 337.00 337.01 Hsi-cy 
TMPD62 340.00 340.01 Hsi-cy 
TMPD62 343.50 343.51 Hsi-cy 
TMPD62 346.00 346.01 Hsi-cy 
TMPD62 349.30 349.31 Hsi-cy 
TMPD62 353.00 353.01 Hsi-cy 
TMPD62 356.00 356.01 Hsi-cy 
TMPD62 359.30 359.31 Hcy-si 
TMPD62 362.40 362.41 Hcy-si 
TMPD62 365.60 365.61 Hsi-cy 
TMPD62 369.00 369.01 Hsi-cy 
TMPD62 372.00 372.01 Hsi-cy 
TMPD62 375.30 375.31 Hsi-cy 
TMPD62 378.00 378.01 Hsi-cy 
TMPD62 381 .00 381 .01 Hsi-cy 
TMPD62 384.30 384.31 Hsi-cy 
TMPD62 387.00 387.01 Hsi-cy 
TMPD62 390.00 390.01 Hcy-si 
TMPD62 393.30 393.31 Hcy-si 
TMPD62 396.30 396.31 Hcy-si 
TMPD62 399.80 399.81 Hcy-si 
TMPD62 403.00 403.01 Hcy-si 
TMPD62 406.00 406.01 Hcy-si 
TMPD62 409 .40 409 .41 Hcy-si 
TMPD62 411 .60 411 .61 Hcy-si 
TMPD62 415.00 415.01 Hcy-si 
TMPD62 417.20 417.21 Hcy-si 
TMPD64 006.80 006.81 Hey 
TMPD64 009.50 009.51 Hey 
Appendix F3 
Tampakan PIMA II database 
Mln1 Min2 Mln3 Min4 Occurrence Comments 
ph PE White clays 
ph mu PE White clays in Hsi-cy 
ph se dk PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
mu PE Waxy light green clays 
mu PE White clays in Hsi-cy 
dk PE White clays in Hsi-cy 
it PE 
ph PE White clays in Hsi-cy 
it PH White clay altered feldspar phenocrysts 
ph dk CV 1 mm white clay vein 
dk al PE White clays in pyritic Hsi-cy 
ph PE White clays in pyritic Hsi-cy 
ph di PE White clays in pyritic Hsi-cy 
ph mu PE Light waxy green plus pale brown clays 
ph PE 
ph PE Light waxy green plus pale brown clays 
ph dk PE 
dk al PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
di PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
ph mu CV White clay vein 
ph dk PE White clays in Hsi-cy 
se di PE White clays in Hsi-cy 
ph dk PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
ph mu PE White clays in Hsi-cy 
di mu PE White clays in Hsi-cy 
ph dk PE White clays 
ph dk PE White clays 
it PH White cy alt fd pheno in silic.la g/mass 
se PE 
mu PE White clays with vfg diss py in Hsi-cy 
mu PE 
mu PE White plus light green clays in Hsi-cy 
se PE White plus light green clays in Hsi-cy 
se PE White plus light yellow clays in Hsi-cy 
mu fc PE White plus light yellow clays in Hsi-cy 
it fc PE Waxy pale light green clay in Hcy-si 
it fc PE Waxy pale light green clay in Hcy-si 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
it PE White clays in Hsi-cy 
di ph PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
ph PE White clays in Hsi-cy 
ph PE Oxidised Hey 
dk PE Oxidised Hey 
F3-57 
File 
62T045 
62T046 
62T047 
62T048 
62T049 
62T050 
62T051 
62T052 
62T053 
62T054 
62T055 
62T056 
62T057 
62T058 
62T059 
62T060 
62T061 
62T062 
62T063 
62T064 
62T065 
62T066 
62T067 
62T068 
62T069 
62T070 
62T071 
62T072 
62T073 
62T074 
62T075 
62T076 
62T077 
62T078 
62T079 
62T080 
62T081 
62T082 
62T083 
62T084 
62T085 
62T086 
62T087 
62T088 
62T089 
62T090 
62T091 
62T092 
62T093 
62T094 
62T095 
62T096 
62T097 
64T001 
64T002 
Drlllhole From To Lithology 
TMPD64 012.70 012.71 Hey 
TMPD64 015.90 015.91 Hsi-cy 
TMPD64 019.00 019.01 Hcy-si 
TMPD64 022.00 022.01 Hcy-si 
TMPD64 025.00 025.01 Hcy-si 
TMPD64 028.20 028.21 Hcy-si 
TMPD64 031.20 031.21 Hcy-si 
TMPD64 034.50 034.51 Hcy-si 
TMPD64 037 .50 037 .51 Hcy-si 
TMPD64 040.20 040.21 Hcy-si 
TMPD64 043.00 043.01 Hcy-si 
TMPD64 046.50 046.51 Hcy-si 
TMPD64 048.50 048.51 Hcy-si 
TMPD64 051 .70 051.71 Hcy-si 
TMPD64 055.00 055.01 Hcy-si 
TMPD64 058.30 058.31 Hcy-si 
TMPD64 065.10 065.11 Hcy-si 
TMPD64 068.00 068.01 Hcy-si 
TMPD64 071.00 071 .01 Hcy-si 
TMPD64 074.00 074.01 Hsi-cy 
TMPD64 077.00 077.01 Hsi-cy 
TMPD64 080.00 080.01 Hsi-cy 
TMPD64 083.20 083.21 pla 
TMPD64 086.40 086.41 pla 
TMPD64 086.40 086.41 pla 
TMPD64 089.40 089.41 pla 
TMPD64 092.40 092.41 Hcy-si 
TMPD64 095.40 095.41 Hcy-si 
TMPD64 098.40 098.41 Hcy-si 
TMPD64 101.10 101 .11 Hcy-si 
TMPD64 103.00 103.01 Hcy-si 
TMPD64 105.70 105.71 Hcy-si 
TMPD64 108.60 108.61 Hcy-si 
TMPD64 111.60 111.61 Hcy-si 
TMPD64 114.50 114.51 Hcy-si 
TMPD64 116.50 116.51 cHsi-cy 
TMPD64 119.50 119.51 cHsi-cy 
TMPD64 122.50 122.51 cHsi-cy 
TMPD64 125.60 125.61 Hsi-cy 
TMPD64 128.60 128.61 Hsi-cy 
TMPD64 131 .60 131.61 Hsi-cy 
TMPD64 134.60 134.61 Hsi-cy 
TMPD64 137.70 137.71 cHsi-cy 
TMPD64 140.70 140.71 cHsi-cy 
TMPD64 142.60 142.61 cHsi-cy 
TMPD64 145.60 145.61 Hsi-cy 
TMPD64 148.80 148.81 Hsi-cy 
TMPD64 151.70 151.71 Hsi-cy 
TMPD64 154.70 154.71 Hsi-cy 
TMPD64 157.90 157.91 Hsi-cy 
TMPD64 161 .00 161.01 Hcy-si 
TMPD64 164.10 164.11 Hsi-cy 
TMPD64 167.10 167.11 Hcy-si 
TMPD64 170.10 170.11 Hcy-si 
TMPD64 173.10 173.11 cHcy-si 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
dk PE Oxidised Hey 
ph dk PE Oxidised Hsi-cy 
ph dk PE Oxidised Hsi-cy 
dk PE Oxidised Hsi-cy 
dk CV 2mm powdery white clay vein 
dk PE Strongly oxidised Ln stained clays 
dk PE Strongly oxidised Ln stained clays 
ph dk PE Strongly oxidised Ln stained clays 
ph PE Strongly oxidised Ln stained clays 
ph PE Strongly oxidised Ln stained clays 
ph dk PE Strongly oxidised Ln stained clays 
dk ph PE Strongly oxidised Ln stained clays 
ph dk PE Strongly oxidised Ln stained clays 
dk PE Strongly oxidised Ln stained clays 
dk PE Strongly oxidised Ln stained clays 
dk di PE Strongly oxidised Ln stained clays 
it PE Strongly oxidised Ln stained clays 
it PE Strongly oxidised Ln stained clays 
it PE Strongly oxidised Ln stained clays 
se FLT White fault gouge clays 
sm PE White clays in Hsi-cy 
it PE White clays in Hsi-cy 
it PE 
fc GM Pale green groundmass 
it PH White clay altered feldspar phenocrysts 
se ph PE Pervasive white clays 
it PE White clays in Hcy-si 
it PE White clays in Hcy-si 
it PE White clays in Hcy-si 
it ph PE White clays in Hcy-si 
it PE White clays in Hcy-si 
it PE White clays in Hcy-si 
it PE White clays in Hcy-si 
ph PE White clays in Hcy-si 
ph se PE White clays in Hcy-si 
se ccs Irregular white clay clots with diss. py 
it dk ph ccs Irregular white clay clots with diss. py 
ph ccs Irregular white clay clots with diss. py 
dk ph PE White clay 
se PE White clay 
se FLT White fault gouge clays 
dk PE 
se PE 
se di cc White clay clot 
dk cc 
it ph dk PE White clays 
ph dk PE 
ph dk PE 
ph PE 
ph PE White clay in Hcy-si 
se ph PE White clay in Hcy-si 
ph dk PE 
ph PE 
dk CV 1 mm white clay vein 
ph dk PE White clays in Hsi-cy 
F3-58 
File 
64T003 
64T004 
64T005 
64T006 
64T007 
64T008 
64T009 
64T010 
64T011 
64T012 
64T013 
64T014 
64T015 
64T016 
64T017 
64T018 
64T020 
64T021 
64T022 
64T023 
64T024 
64T025 
64T026 
64T027 
64T027 
64T028 
64T029 
64T030 
64T031 
64T032 
64T033 
64T034 
64T035 
64T036 
64T037 
64T038 
64T039 
64T040 
64T041 
64T042 
64T043 
64T044 
64T045 
64T046 
64T047 
64T048 
64T049 
64T050 
64T051 
64T052 
64T053 
64T054 
64T055 
64T056 
64T057 
Drill hole From To Lithology 
TMPD64 175.10 175.11 cHcy-si 
TMPD64 178.10 178.11 cHcy-si 
TMPD64 181 .10 181 .11 cHcy-si 
TMPD64 184.10 184.11 cHcy-si 
TMPD64 187.10 187.11 cHcy-si 
TMPD64 190.10 190.11 Hsi-cy 
TMPD64 193.10 193.11 Hsi-cy 
TMPD64 196.70 196.71 Hsi-cy 
TMPD64 199.70 199.71 Hcy-si 
TMPD64 202.70 202.71 Hcy-si 
TMPD64 205.70 205.71 Hcy-si 
TMPD64 208. 70 208. 71 Hcy-si 
TMPD64 211 .70 211.71 Hsi-cy 
TMPD64 214.70 214.71 Hsi-cy 
TMPD64 217.40 217.41 Hcy-si 
TMPD64 219.00 219.01 Hcy-si 
TMPD64 222.00 222.01 Hcy-si 
TMPD64 224.00 224.01 Hcy-si 
TMPD64 227.50 227.51 Hcy-si 
TMPD64 230.50 230.51 Hcy-si 
TMPD64 233.30 233.31 Hcy-si 
TMPD64 237.10 237.11 Hcy-si 
TMPD64 240.10 240.11 Hcy-si 
TMPD64 243.10 243.11 Hcy-si 
TMPD64 246.50 246.51 Hsi-cy 
TMPD64 249.50 249.51 Hsi-cy 
TMPD64 252.50 252.51 Hsi-cy 
TMPD64 256.30 256.31 Hsi-cy 
TMPD64 259.30 259.31 Hsi-cy 
TMPD64 262.20 262.21 Hsi-cy 
TMPD64 265.65 265.66 Hsi-cy 
TMPD64 268.30 268.31 Hsi-cy 
TMPD64 271 .50 271.51 Hsi-cy 
TMPD64 274.50 274.51 Hcy-si 
TMPD64 277.50 277 .51 Hcy-si 
TMPD64 280.30 280.31 Hcy-si 
TMPD64 283.30 283.31 Hcy-si 
TMPD64 286.50 286.51 Hcy-si 
TMPD64 289.50 289.51 Hcy-si 
TMPD64 292.80 292.81 Hcy-si 
TMPD64 295.80 295.81 Hcy-si 
TMPD64 298.80 298.81 Hsi-cy 
TMPD64 301 .80 301.81 Hcy-si 
TMPD64 304.80 304.81 Hsi-cy 
TMPD64 307.80 307.81 Hsi-cy 
TMPD64 310.80 310.81 Hcy-si 
TMPD64 313.50 313.51 Hcy-si 
TMPD64 316.90 316.91 Hcy-si 
TMPD64 319.90 319.91 Hcy-si 
TMPD64 322.90 322.91 Hcy-si 
TMPD64 325.60 325.61 Hcy-si 
TMPD64 328.60 328.61 Hsi-cy 
TMPD64 332.00 332.01 Hsi-cy 
TMPD64 335.00 335.01 Hsi-cy 
TMPD64 338.00 338.01 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Min4 Occurrence Comments 
dk ph PE 
dk CV 1 mm white clay vein 
ph dk PE White clay in Hcy-si 
dk ph PE White clay in Hcy-si 
ph dk PE White clay in Hcy-si 
ph dk PE 
ph PE 
it ph PE White clay in Hcy-si 
ph it PE White clay in Hcy-si 
it PE 
ph se PE 
ph di PE White clays in Hsi-cy 
ph se PE White clays in Hsi-cy 
it ph PE White clays in Hsi-cy 
it ph PE White clays in Hsi-cy 
se FLT White clayey fault gouge 
ph se PE 
ph dk PE 
se ph PE White clays 
it ph PE White clays 
it FLT 
se PE 
se ph PE 
ph PE White clays in Hcy-si altered pla 
se PE White clays in Hcy-si altered pla 
ph PE White clays in Hcy-si altered pla 
se ph PE White clays in Hcy-si altered pla 
mu PE White clays in Hcy-si altered pla 
se PE White clays in Hcy-si altered pla 
mu CV Waxy lgn-wh clay in Hsi-cy 
se PE 
se ph PE 
it PE 
it fc PE White-yellow clays 
ph PE White-yellow clays 
ph PE 
ph PE 
se di PE 
ph se PE 
it PE Partially oxidised 
dk PE White clays in Hsi-cy 
ph di PE Partially oxidised 
se PE Partially oxidised 
it PE Partially oxidised 
it PE 
ph se FLT White fault gouge clays 
ph dk PE 
ph PE Pervasive white-yellow clays 
ph dk PE Pervasive white-yellow clays 
fc PE Pervasive white-yellow clays 
it PE 
it ph PE 
di ph PE 
se ph PE 
se PE 
F3-59 
File 
64T058 
64T059 
64T060 
64T061 
64T062 
64T063 
64T064 
64T065 
64T066 
64T067 
64T068 
64T069 
64T070 
64T071 
64T072 
64T073 
64T074 
64T075 
64T076 
64T077 
64T078 
64T079 
64T080 
64T081 
64T082 
64T083 
64T084 
64T085 
64T086 
64T087 
64T088 
64T089 
64T090 
64T091 
64T092 
64T093 
64T094 
64T095 
64T096 
64T097 
64T098 
64T099 
64T100 
64T101 
64T102 
64T103 
64T104 
64T105 
64T106 
64T107 
64T108 
64T109 
64T110 
64T111 
64T112 
Drillhole From To Litholoov 
TMPD64 341.00 341.01 Hcy-si 
TMPD64 344.00 344.01 Hcy-si 
TMPD64 347.00 347.01 Hcy-si 
TMPD64 353.00 353.01 Hcy-si 
TMPD64 356.00 356.01 Hcy-si 
TMPD64 359.00 359.01 Hcy-si 
TMPD64 363.00 363.01 Hcy-si 
TMPD64 366.00 366.01 Hcy-si 
TMPD64 369.00 369.01 Hsi-cy 
TMPD64 372.00 372.01 Hcy-si 
TMPD64 375.00 375.01 Hcy-si 
TMPD64 378.00 378.01 Hcy-si 
TMPD64 380.00 380.01 Hcy-si 
TMPD64 383.00 383.01 Hcy-si 
TMPD77 023.10 023.11 pla 
TMPD77 029.20 029.21 pla 
TMPD77 035.90 035.91 pla 
TMPD77 038.20 038.21 pla 
TMPD77 041.20 041 .21 pla 
TMPD77 044.55 044.56 pla 
TMPD77 047.00 047.01 cs-cHBX 
TMPD77 050.10 050.11 cs-cHBX 
TMPD77 053.20 053.21 cs-cHBX 
TMPD77 056.60 056.61 cs-cHBX 
TMPD77 059.40 059.41 cs-cHBX 
TMPD77 062.00 062.01 cs-cHBX 
TMPD77 063.50 063.51 cs-cHBX 
TMPD77 065.50 065.51 cs-cHBX 
TMPD77 065.50 065.51 cs-cHBX 
TMPD77 067 .60 067 .61 cs-cHBX 
TMPD77 069.50 069.51 cs-cHBX 
TMPD77 069.50 069.51 cs-cHBX 
TMPD77 071 .10 071.11 Hcy-si 
TMPD77 074.10 074.11 Hcy-si 
TMPD77 077.10 077.11 Hcy-si 
TMPD77 078.60 078.61 Hcy-si 
TMPD77 081.60 081.61 Hcy-si 
TMPD77 084.20 084.21 Hcy-si 
I 
TMPD77 086.20 086.21 Hcy-si 
TMPD77 089.10 089.11 Hsi-cy 
TMPD77 092.10 092.11 Hsi-cy 
TMPD77 095.10 095.11 Hsi-cy 
TMPD77 098.10 098.11 Hsi-cy 
TMPD77 100.80 100.81 Hsi-cy 
TMPD77 102.30 102.31 Hcy-si 
TMPD77 104.80 104.81 Hcy-si 
TMPD77 106.30 106.31 Hey 
TMPD77 109.70 109.71 Hey 
TMPD77 112.60 112.61 vu Hsi 
TMPD77 114.90 114.91 vu Hsi 
TMPD77 117.00 117.01 vu Hsi 
TMPD77 119.20 119.21 Hsi 
TMPD77 120.90 120.91 Hsi 
TMPD77 124.10 124.11 Hsi 
TMPD77 135.90 135.91 Hcy{pla) 
Appendix F3 
Tampakan PIMA II database 
Min1 Mln2 Mln3 Mln4 Occurrence Comments 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
mu PE White clays in Hsi-cy 
mu PE 
mu PE 
it PE 
it PE 
ph PE 
ph it PE 
se PE 
it fc PE White+ green (chloritic?) clays 
mu PE White clays in Hsi-cy 
se PE White clays in Hsi-cy 
it ph PE White clays in Hsi-cy 
it k PH White clays (mostly oxidised) 
it k PH Creamy white clay alt fd phenocrysts 
it k PH White clay 
it PH White clay 
it CL Breccia clast (phenocryst in pla clast) 
Ze?? CV White clays 
it PH White clay alt phenocrysts in bx clast 
it PH White clay alt phenocrysts in bx clast 
it PE 
it PE 
it FLT Puggy clays in fault gouge 
it FLT Puggy clays in fault gouge 
k CV White clay vein 
fc GM 
it PH White clay altered feldspar phenocrysts 
k CV White clay vein 
fc GM 
it PH White clay altered phenocryst 
it PE White-grey clays 
se CV 1 mm white clay vein 
it CV White clay vein which post-dates flt bx 
se FLT Puggy grey fault gouge 
it FLT Puggy grey fault gouge 
se FLT Puggy grey fault gouge 
it fc FLT Green-grey fault gouge clays 
se PE Light grey clays 
se FLT Light grey fault gouge clays 
se PE Pervasive grey clays 
se PE Pervasive grey clays 
it PE 
it PE 
it CV White clay vein post-dates fault breccias 
ph dk PE Light brown clays 
ph dk PE Light brown clays 
k CV Massive amorphous crystalline clay 
ph dk CV White clay vein overprinting vuHsi 
ph dk PE Minor light brown clay in massive Hsi 
it CV Waxy white clay vein 
it FLT White clays in pyritic fault gouge 
se CV White clay vein cross-cutting vu Hsi 
se PH Wh cy alt fd pheno. in wkly siiic. Q/mass 
F3-60 
File 
64T113 
64T114 
64T115 
64T117 
64T118 
64T119 
64T120 
64T121 
64T122 
64T123 
64T124 
64T125 
64T126 
64T127 
77T001 
77T002 
77T003 
77T004 
77T005 
77T006 
77T007 
77T008 
77T009 
77T010 
77T011 
77T012 
77T013 
77T014 
77T014 
77T015 
77T016 
77T016 
77T017 
77T018 
77T019 
77T020 
77T021 
77T022 
77T023 
77T024 
77T025 
77T026 
77T027 
77T028 
77T029 
77T030 
77T031 
77T032 
77T033 
77T034 
77T035 
77T036 
77T037 
77T038 
77T039 
Drillhole From To Litholoav 
TMPD77 137.30 137.31 Hcy(pla) 
TMPD77 140.00 140.01 Hcy(pla) 
TMPD77 142.90 142.91 Hcy(pla) 
TMPD77 145.80 145.81 Hsi 
TMPD77 147.70 147.71 Hsi 
TMPD77 150.70 150.71 Hcy-si 
TMPD77 153.40 153.41 Hcy-si 
TMPD77 156.00 156.01 Hcy-si 
TMPD77 158.30 158.31 Hcy-si 
TMPD77 161.75 161.76 Hcy-si 
TMPD77 164.00 164.01 Hcy-si 
TMPD77 166.00 166.01 Hcy-si 
TMPD77 169.90 169.91 Hcy-si 
TMPD77 169.95 169.96 Hcy-si 
TMPD77 172.60 172.61 Hcy-si 
TMPD77 175.00 175.01 Hcy-si 
TMPD77 178.00 178.01 Hsi-cy 
TMPD77 181.00 181.01 Hsi-cy 
TMPD77 183.20 183.21 Hsi-cy 
TMPD77 185.30 185.31 Hsi-cy 
TMPD77 188.60 188.61 Hsi-cy 
TMPD77 191.60 191.61 Hsi-cy 
TMPD77 194.00 194.01 Hsi-cy 
TMPD77 195.90 195.91 Hcy-si 
TMPD77 196.90 196.91 Hsi-cy 
TMPD77 199.70 199.71 Hsi-cy 
TMPD77 202.00 202.01 Hsi-cy 
TMPD77 204.50 204.51 Hsi-cy 
TMPD77 206.50 206.51 Hsi-cy 
TMPD77 208.90 208.91 Hsi-cy 
TMPD77 210.30 210.31 Hsi-cy 
TMPD77 213.60 213.61 Hsi-cy 
TMPD77 216.20 216.21 Hsi-cy 
TMPD77 218.80 218.81 Hsi-cy 
TMPD77 221 .60 221 .61 Hcy-si 
TMPD77 224.20 224.21 Hcy-si 
TMPD77 227.10 227.11 Hcy-si 
TMPD77 230.00 230.01 Hcy-si 
TMPD77 231 .80 231.81 Hcy-si 
TMPD77 234.00 234.01 Hcy-si 
TMPD77 235.90 235.91 Hcy-si 
TMPD77 238.30 238.31 Hcy-si 
TMPD77 242.20 242.21 Hsi-cy 
TMPD77 244.10 244.11 Hsi-cy 
TMPD77 247.50 247.51 Hsi-cy 
TMPD77 249.10 249.11 Hsi-cy 
TMPD77 252.20 252.21 Hsi-cy 
TMPD77 254.30 254.31 Hsi-cy 
TMPD77 257 .20 257 .21 Hsi-cy 
TMPD77 259.30 259.31 Hsi-cy 
TMPD77 261 .40 261 .41 Hsi-cy 
TMPD77 264.40 264.41 Hsi-cy 
TMPD77 267.60 267 .61 Hsi-cy 
TMPD77 271.30 271.31 vuHsi-cy 
TMPD77 274.70 274.71 Hsi-cy 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Mln3 Min4 Occurrence Comments 
k PE Puggy clay alteration of pla. 
it PE Light grey to cream clays 
it PE Light grey to cream clays 
k CV White clay vein 
ph dk PE Trace clays in massive Hsi 
mu FLT Puggy white clays in fault gouge 
mu FLT Puggy white clays in fault gouge 
ph it FLT Puggy white clays in fault gouge 
se FLT Puggy white clays in fault gouge 
se CV Waxy light green clay vein 
se PE 
se CV Waxy light green clay vein 
ph PE Light green to blue clays 
ph dk CV 
se PE Light green-blue plus light brown clays 
ph PE 
ph dk PE 
ph PH White clay altered feldspar phenocrysts 
dk CV Late stage white clay vein 
ph CV Late stage white clay vein 
ph PE Clotted L.gm cits diss. in Hcy-si 
dk CV Wh cy vein post-dating most Hsi-cy alt 
ph dk CVS White clay vein with bn + cv flecks. 
it CV White clays infilling fault breccia 
ii CV White clay vein (late stage) 
it PH White clay altered phenocrysts in Hsi 
ph PE Light brown clays in pla groundmass?? 
ph PE 
ph di PE 
it CV Light waxy green clay vein 
it CV Waxy light green clay vein (late stage) 
ph PE Light grey clays in Hsi-cy alteration 
ph PE Pervasive clays in Hsi-cy alteration 
ph PE Pervasive light brown clays 
ph PE Pervasive light brown clays 
ph PE Light grey clays in Hsi-cy alteration 
ph PE 
ph dk di PE Light grey clays in Hsi-cy alteration 
ph PE Light brown clays 
ph PE 
dk CV White clay vein 
it ph PE Light brown plus light gm to wh cy 
ph PE Light brown clays 
dk CV White clay vein with vfg diss. pyrite. 
ph it PE Light brown clays 
it CV White clays overprinting Hsi-cy alteration 
dk CV White clays overprinting Hsi-cy alteration 
dk CVS Cp-Bn disseminated in white clays 
di it PE Light waxy green clays 
di it CV Light waxy green clays 
ph PE Light brown to tan coloured clays 
it di PE 
ph PE Light green plus cream clays 
ph di PE L.brown cy in strongly pyritic interval 
di PE 
F3-61 
File 
77T040 
77T041 
77T042 
77T043 
77T044 
77T045 
77T046 
77T047 
77T048 
77T049 
77T050 
77T051 
77T052 
77T053 
77T054 
77T055 
77T056 
77T057 
77T058 
77T059 
77T060 
77T061 
77T062 
77T063 
77T064 
77T065 
77T066 
77T067 
77T068 
77T069 
77T070 
77T071 
77T072 
77T073 
77T074 
77T075 
77T076 
77T077 
77T078 
77T079 
77T080 
77T081 
77T082 
77T083 
77T084 
77T085 
77T086 
77T087 
77T088 
77T089 
77T090 
77T091 
77T092 
77T093 
Drillhole From To Lithology 
TMPD77 277.10 277.11 Hsi-cy 
TMPD77 280.00 280.01 Hsi-cy 
TMPD77 282.20 282.21 Hsi-cy 
TMPD77 284.70 284.71 Hsi-cy 
TMPD77 287 .25 287 .26 Hcy-si 
TMPD77 289.75 289.76 Hcy-si 
TMPD77 291.35 291.36 Hcy-si 
TMPD77 294.00 294.01 Hcy-si 
TMPD77 297.90 297.91 Hcy-si 
TMPD77 300.10 300.11 Hcy-si 
TMPD77 302.60 302.61 Hcy-si 
TMPD77 304.60 304.61 Hcy-si 
TMPD77 305.80 305.81 vuHsi-cy 
TMPD77 308. 70 308. 71 Hsi-cy 
TMPD77 313.50 313.51 Hsi-cy 
TMPD77 316.10 316.11 Hsi-cy 
TMPD77 318.05 318.06 Hsi-cy 
TMPD77 320.80 320.81 Hcy-si 
TMPD77 322.35 322.36 Hcy-si 
TMPD77 324.50 324.51 la 
TMPD77 327.20 327.21 la 
TMPD77 330.30 330.31 la 
TMPD77 334.10 334.11 la 
TMPD77 336.60 336.61 la 
TMPD77 339.50 339.51 Hcy-si 
TMPD77 341.10 341.11 la 
TMPD77 344.50 344.51 Hcy-si 
TMPD77 346.40 346.41 Hcy-si 
TMPD77 348.60 348.61 Hcy-si 
TMPD77 351 .10 351.11 Hcy-si 
TMPD77 354.10 354.11 Hcy-si 
TMPD77 356.80 356.81 Hcy-si 
TMPD77 358.60 358.61 Hcy-si 
TMPD77 361.20 361.21 Hcy-si 
TMPD81 013.00 013.01 Hsi-cy 
TMPD81 016.00 016.01 Hcy-si(cs-mHBX-S) 
TMPD81 019.00 019.01 Hcy-si(cs-mHBX-S) 
TMPD81 022.00 022.01 Hcy-si(cs-mHBX-S) 
TMPD81 025.00 025.01 Hcy-si(cs-mHBX-S) 
TMPD81 028.00 028.01 Hcy-si(cs-mHBX-S) 
TMPD81 031.10 031 .11 Hsi 
TMPD81 034.40 034.41 cHsi 
TMPD81 037.50 037.51 cHsi-cy 
TMPD81 039.50 039.51 Hcy-si 
TMPD81 041.60 041 .61 Hsi-cy 
TMPD81 046.00 046.01 Hsi 
TMPD81 049.00 049.01 Hsi-cy 
TMPD81 052.10 052.11 Hsi-cy 
TMPD81 054.50 054.51 cHsi-cy 
TMPD81 057.50 057.51 Hsi-cy 
TMPD81 059.00 059.01 Hsi-cy 
TMPD81 062.30 062.31 Hsi-cy 
TMPD81 065.30 065.31 cHsi-cy 
TMPD81 068.50 068.51 cHsi-cy 
TMPD81 071 .50 071.51 cHsi-cy 
Appendix E3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
di PH White clay altered pheno. in Hsi-cy alt 
ph PE Light brown to pink clays in Hsi-cy 
ph di PH Wh cy in part leached vuHsi (ex-fd phen) 
dk CV Waxy light green clay vein 
ph it PE Light brown clays in Hcy-si alteration 
it PE Light brown clays in Hcy-si alteration 
se HBX Clay matrix to ms-fHBX 
ph it HBX Clay matrix to ms-fHBX 
ph it PE Wh cy intergrown with silica in Hsi-cy 
se PE Wh cy intergrown with silica in Hsi-cy 
di PE White clay spots in Hsi-cy alteration 
dk CV White clay vein OP Hsi-cy alteration 
di PE White clay spots in Hsi-cy alteration 
di PE White clay spots in Hsi-cy 
di ph PE White clays in Hsi-cy 
ph it PE White clays in Hsi-cy 
dk CV Late stage white clay vein OP Hsi-cy alt 
se FLT 
it PE Light brown clays 
it PE Light brown to straw yellow cy in Hsi-cy 
it PE Green plus straw yellow clays 
it fc PE Green plus straw yellow clays 
it fc PE Green clays ( chlorite??) 
it PE White clays 
it PE Straw yellow to light brown clays 
it fc PE Green clays 
it PE 
se PE Straw yellow clays in Hcy-si alteration 
it PE Straw yellow clays in Hcy-si alteration 
it fc HBX Light green cy in matrix-supptd bx mtx 
it HBX Light green cy in matrix-supptd bx mtx 
it PE White to light grey clays 
se fc PE 
ph se PE White clays plus dark green chlorite? 
it PE Oxidised clays in saprolite 
it PE Oxidised clays in saprolite 
se PE Oxidised clays in saprolite 
it PE Oxidised clays in saprolite 
it PE Oxidised clays in saprolite 
se dk PE Oxidised clays in saprolite 
dk PE White clays in oxidised clay-altered la. 
dk PE White clays in oxidised clay-altered la. 
dk di PE White clays in oxidised clay-altered la. 
dk FLT Puggy white fault clays. 
dk PE Weakly oxidised clays 
dk cc 
it dk PE Strongly oxidised 
it PE 
it cc White clay clot in cHsi-cy 
ph it PE 
it cc 
it PE Grey plus white clays 
it PE Partially oxidised white clays 
it PE Partially oxidised white clays 
it PE 
F3-62 
File 
77T094 
77T095 
77T096 
77T097 
77T098 
77T099 
77T100 
77T101 
77T102 
77T103 
77T104 
77T106 
77T105 
77T107 
77T108 
" 77T109 
77T110 
77T111 
77T112 
77T113 
77T114 
77T115 
77T116 
77T117 
77T118 
77T119 
77T120 
77T121 
77T122 
77T123 
77T124 
77T125 
77T126 
77T127 
81T001 
81T002 
81T003 
81T004 
81T005 
81T006 
81T007 
81T008 
81T009 
81T010 
81T011 
81T012 
81T013 
81T014 
81T015 
81T016 
81T017 
81T018 
81T019 
81T020 
81T021 
Drill hole From To Litholoav 
TMPD81 074.80 074.81 cHsi-cy 
TMPD81 077.30 077.31 cHsi-cy 
TMPD81 080.00 080.01 cHsi-cy 
TMPD81 083.60 083.61 cHsi-cy 
TMPD81 086.80 086.81 cHsi-cy 
TMPD81 089.10 089.11 cHsi-cy 
TMPD81 092.50 092.51 cHsi-cy 
TMPD81 095.90 095.91 cHsi-cy 
TMPD81 099.00 099.01 cHsi-cy 
TMPD81 102.10 102.11 cHsi-cy 
TMPD81 105.60 105.61 cHsi-cy 
TMPD81 108.00 108.01 cHsi-cy 
TMPD81 111.50 111.51 cHsi-cy 
TMPD81 114.50 114.51 cHsi-cy 
TMPD81 117.50 117.51 cHsi-cy 
TMPD81 120.80 120.81 cHsi-cy 
TMPD81 123.80 123.81 cHsi-cy 
TMPD81 125.80 125.81 cHsi-cy 
TMPD81 128.80 128.81 Hsi-cy 
TMPD81 132.20 132.21 Hsi-cy 
TMPD81 135.40 135.41 Hsi-cy 
TMPD81 138.70 138.71 Hsi-cy 
TMPD81 140.70 140.71 Hsi-cy 
TMPD81 143.70 143.71 Hsi-cy 
TMPD81 146.70 146.71 Hsi-cy 
TMPD81 149.00 149.01 Hsi-cy 
TMPD81 152.10 152.11 cHsi-cy 
TMPD81 155.90 155.91 Hsi-cy 
TMPD81 159.00 159.01 Hsi-cy 
TMPD81 162.00 162.01 Hsi-cy 
TMPD81 165.00 165.01 Hsi-cy 
TMPD81 168.40 168.41 Hsi-cy 
TMPD81 171.70 171 .71 Hsi-cy 
TMPD81 174.50 174.51 Hsi-cy 
TMPD81 177.50 177.51 Hsi-cy 
TMPD81 179.50 179.51 Hsi-cy 
TMPD81 182.00 182.01 Hsi-cy 
TMPD81 185.00 185.01 Hcy-si 
TMPD81 188.60 188.61 Hcy-si 
TMPD81 191.60 191.61 Hcy-si 
TMPD81 194.70 194.71 Hcy-si 
TMPD81 197.70 197.71 Hcy-si 
TMPD81 200.70 200.71 Hcy-si 
TMPD81 203.70 203.71 Hcy-si 
TMPD81 207 .00 207 .01 Hcy-si 
TMPD81 210.00 210.01 Hcy-si(ms-mHBX-S) 
TMPD81 213.00 213.01 Hcy-si 
TMPD81 216.00 216.01 Hcy-si 
TMPD81 219.00 219.01 Hcy-si(ms-mHBX-S) 
TMPD81 221 .00 221 .01 Hcy-si 
TMPD81 224.10 224.11 Hcy-si 
TMPD81 227.10 227.11 Hcy-si 
TMPD81 230.00 230.01 Hcy-si 
TMPD81 233.50 233.51 Hcy-si 
TMPD81 236.70 236.71 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
dk CV 1 mm white clay vein in Hsi-cy 
di ph cc 3-8mm white clay clots in Hsi-cy 
ph di PE 
dk cc 
it ph di PE White clays in Hcy-si alteration 
it ph PE White clays in Hcy-si alteration 
it ph PE White clays in Hcy-si alteration 
ph di cc Irregular clay clot in Hsi-cy 
it ph cc Irregular clay clot in Hsi-cy 
it ph cc Irregular clay clot in Hsi-cy 
dk CV Weakly oxidised white clay vein 
dk PE 
it PE Pervasively oxidised 
di ph PE White clays in Hcy-si altered andesite. 
dk ph PE White clays in Hcy-si altered andesite. 
ph cc 10 mm white clay clot in Hsi-cy 
it FLT 
ph it PE White clays in Hcy-si altered andesite. 
ph PE White clays in Hcy-si altered andesite. 
ph dk CV 1 mm white clay vein 
ph dk PE 
ph dk PE 
ph dk CV Thin white clay veins 
ph dk PE 
ph PE 
al CV Thin white clay veins 
ph dk CV Thin white clay veins 
ph dk PE Pervasive white clay altered andesite. 
se PE Pervasive white clay altered andesite. 
it ph PE Pervasive white clay altered andesite. 
ph PE Pervasive white clay altered andesite. 
ph PE Pervasive white clay altered andesite. 
ph PE Pervasive white clay altered andesite. 
ph PE Pervasive white clay altered andesite. 
it PE Perv. white clay alt la plus pale gm cy 
ph PE Pervasive white clay altered andesite. 
ph di PE Pervasive white clay altered andesite. 
it di ph PE Pervasive white clay altered andesite. 
ph PE Pervasive white clay altered andesite. 
ph it PE Pervasive white clay altered andesite. 
ph PE Yellow and pale green clays 
se PE Perv. clay (light grey to white) alteration 
se PE 
ph PE 
ph it PE Pervasive clay (light grey to white) alt 
ph PE Pervasive clay (light grey to white) alt 
ph PE Pervasive clay (light grey to white) alt 
ph it PE Pervasive clay (light grey to white) alt 
it PE Pervasive clay (light grey to white) alt 
it PE Pervasive clay (light grey to white) alt 
dk PE Pervasive clay (light grey to white) alt 
ph PE White and grey coloured clay alt la 
di PE White clays in Hsi-cy 
ph PE 
it ph PE White clays in Hsi-cy 
File 
81T022 
81T023 
81T024 
81T025 
81T026 
81T027 
81T028 
81T029 
81T030 
81T031 
81T032 
81T033 
81T034 
81T035 
81T036 
81T037 
81T038 
81T039 
81T040 
81T041 
81T042 
81T043 
81T044 
81T045 
81T046 
81T047 
81T048 
81T049 
81T050 
81T051 
81T052 
81T053 
81T054 
81T055 
81T056 
81T057 
81T058 
81T059 
81T060 
81T061 
81T062 
81T063 
81T064 
81T065 
81T066 
81T067 
81T068 
81T069 
81T070 
81T071 
81T072 
81T073 
81T074 
81T075 
81T076 
Drill hole From To Litholoav 
TMPD81 239.70 239.71 Hcy-si 
TMPD81 242. 70 242. 71 Hcy-si 
TMPD81 246.00 246.01 Hcy-si 
TMPD81 249.80 249.81 Hcy-si 
TMPD81 252.80 252.81 Hcy-si 
TMPD81 255.80 255.81 Hcy-si 
TMPD81 258. 70 258. 71 Hcy-si 
TMPD81 262.60 262.61 Hcy-si 
TMPD81 265.60 265.61 Hcy-si 
TMPD81 269.00 269.01 Hcy-si 
TMPD81 272.00 272.01 Hcy-si 
TMPD81 275.20 275.21 Hcy-si 
TMPD81 278.20 278.21 Hcy-si 
TMPD81 281.20 281.21 Hcy-si 
TMPD81 284.80 284.81 pla(SCC) 
TMPD81 287.30 287.31 Hcy-si 
TMPD81 290.00 290.01 Hcy-si 
TMPD81 293.00 293.01 Hsi-cy 
TMPD81 296.00 296.01 Hsi-cy 
TMPD81 299.00 299.01 pla(SCC) 
TMPD81 302.00 302.01 pla(SCC) 
TMPD81 305.00 305.01 Hcy-si 
TMPD81 308.00 308.01 Hcy-si 
TMPD81 311 .00 311.01 Hcy-si 
TMPD81 314.00 314.01 Hcy-si 
TMPD81 317.00 317.01 Hsi-cy 
TMPD81 320.00 320.01 Hsi-cy 
TMPD81 323.00 323.01 Hsi-cy 
TMPD81 326.00 326.01 Hsi-cy 
TMPD81 329.00 329.01 Hsi-cy 
TMPD81 332.00 332.01 Hsi-cy 
TMPD81 335.00 335.01 Hcy-si 
TMPD81 338.00 338.01 Hcy-si 
TMPD81 341.00 341 .01 Hcy-si 
TMPD81 344.00 344.01 Hcy-si 
TMPD81 348.00 348.01 Hcy-si 
TMPD81 351.00 351 .01 Hsi-cy 
TMPD81 353.00 353.01 Hcy-si 
TMPD81 356.00 356.01 Hcy-si 
TMPD81 358.00 358.01 Hcy-si 
TMPD81 360.00 360.01 Hcy-si 
TMPD82 012.40 012.41 Hsi-cy 
TMPD82 015.40 015.41 Hcy-si(cs-mHBX-S) 
TMPD82 018.40 018.41 Hcy-si(cs-mHBX-S) 
TMPD82 021.40 021 .41 Hcy-si(cs-mHBX-S) 
TMPD82 024.40 024.41 Hcy-si(cs-mHBX-S) 
TMPD82 027.40 027.41 Hcy-si(cs-mHBX-S) 
TMPD82 030.50 030.51 Hcy-si(cs-mHBX-S) 
TMPD82 033.50 033.51 Hcy-si(cs-mHBX-S) 
TMPD82 036.50 036.51 Hcy-si(cs-mHBX-S) 
TMPD82 039.60 039.61 Hcy-si(cs-mHBX-S) 
TMPD82 042.60 042.61 Hcy-si(cs-mHBX-S) 
TMPD82 045.60 045.61 Hcy-si(cs-mHBX-S) 
TMPD82 048.80 048.81 Hcy-si(cs-mHBX-S) 
TMPD82 051.80 051.81 cHsi-cy 
Appendix El 
Tampakan PIMA fl database 
Min1 Min2 Mln3 Mln4 Occurrence Comments 
dk PE White clays in Hsi-cy 
dk PE 
ph dk CV 1 mm white clay vein 
ph PE 
ph dk PE 
ph PE White clays in Hcy-si 
ph PE White clays in Hcy-si 
ph PE White clays in Hcy-si 
ph se PE White clays in Hcy-si 
ph PE White clays in Hcy-si 
ph dk PE White clays in Hcy-si 
mu PE White clays in Hcy-si 
ph dk PE White clays in Hcy-si 
ph PE White clays in Hcy-si 
it fc PE Pale waxy green clay alteration 
ph PE White clays 
ph se PE White clays 
mu ph PE White clays 
al PE White clays 
se fc PE White clays 
mu fc PE White clays 
ph dk PE White clays 
ph PE White clays 
ph mu PE White clays 
ph PE White clays 
ph se PE White clays 
al PE Hsi-cy 
ph PE White clays 
ph PE White clays 
mu cc Irregular 3-5 mm clay clots in Hcy-si 
ph PE White clays in Hcy-si alteration 
se PE White clays in Hcy-si alteration 
se PE White clays in Hcy-si alteration 
se PE White clays in Hcy-si alteration 
it PE White clays in Hcy-si alteration 
it FLT 
it PE Pervasive white clays in Hcy-si alt la 
se PE Pervasive white clays in Hcy-si alt la 
se PE Pervasive white clays in Hcy-si alt la 
se PE Pervasive white clays in Hcy-si alt la 
se fc PE Pervasive white clays in Hcy-si alt la 
it PE Oxid. white clays (Lm/goethite in tracts) 
di PE Oxid. white clays (Lm/goethite in fracts) 
dk PE Oxid. white clays (Lm/goethite in fracts) 
dk PE Oxid. white clays (Lm/goethite in fracts) 
dk PE Oxid. white clays (Lm/goethite in fracts) 
dk PE Oxid. white clays (Lm/goethite in fracts) 
ph dk PE Oxid. white clays (Lm/goethite in fracts) 
dk ph PE Oxid. white clays (Lm/goethite in fracts) 
dk PH 
dk PE Partly oxidised white clay alteration 
it ph PE Partly oxidised white clay alteration 
it dk PE Partly oxidised white clay alteration 
it ph di PE Partly oxidised white clay alteration 
ph dk PE Partlv oxidised white clay alteration 
F3-64 
File 
81T077 
81T078 
81T079 
81T080 
81T081 
81T082 
81T083 
81T084 
81T085 
81T086 
81T087 
81T088 
81T089 
81T090 
81T091 
,. 
81T092 
81T093 
81T094 
81T095 
81T096 
81T097 
81T098 
81T099 
81T100 
81T101 
81T102 
81T103 
81T104 
81T105 
81T106 
81T107 
81T108 
81T109 
81T110 
81T111 
81T112 
81T113 
81T114 
81T115 
81T116 
81T117 
82T001 
82T002 
82T003 
82T004 
82T005 
82T006 
82T007 
82T008 
82T009 
82T010 
82T011 
82T012 
82T013 
82T014 
Drill hole From To Lithology 
TMPD82 054.90 054.91 cHsi-cy 
TMPD82 057 .50 057 .51 cHsi-cy 
TMPD82 060.50 060.51 cHsi-cy 
TMPD82 063.80 063.81 cHsi-cy 
TMPD82 066.80 066.81 cHsi-cy 
TMPD82 069.80 069.81 cHsi-cy 
TMPD82 073.00 073.01 Hsi-cy 
TMPD82 076.00 076.01 cHsi-cy 
TMPD82 079.00 079.01 cHsi-cy 
TMPD82 082.00 082.01 cHsi-cy 
TMPD82 085.40 085.41 cHsi-cy 
TMPD82 088.20 088.21 cHsi-cy 
TMPD82 091.20 091 .21 cHsi-cy 
TMPD82 094.30 094.31 cHsi-cy 
TMPD82 097.30 097.31 cHsi-cy 
TMPD82 100.00 100.01 cHsi-cy 
TMPD82 103.00 103.01 Hsi-cy 
TMPD82 106.50 106.51 Hsi-cy 
TMPD82 109.50 109.51 Hsi-cy 
TMPD82 112.80 112.81 Hsi-cy 
TMPD82 115.80 115.81 Hcy-si 
TMPD82 118.60 118.61 Hcy-si 
TMPD82 121 .60 121 .61 Hcy-si 
TMPD82 124.70 124.71 Hcy-si 
TMPD82 127.60 127.61 Hcy-si 
TMPD82 130.80 130.81 Hsi-cy 
TMPD82 133.90 133.91 Hsi-cy 
TMPD82 136.20 136.21 Hsi-cy 
TMPD82 139.00 139.01 Hcy-si 
TMPD82 142.50 142.51 Hcy-si 
TMPD82 145.50 145.51 Hcy-si 
TMPD82 148.20 148.21 Hcy-si 
TMPD82 151 .20 151 .21 Hcy-si 
TMPD82 154.00 154.01 Hcy-si 
TMPD82 157.00 157.01 Hcy-si 
TMPD82 160.00 160.01 Hcy-si 
TMPD82 163.00 163.01 Hcy-si 
TMPD82 166.00 166.01 Hcy-si 
TMPD82 169.30 169.31 Hcy-si 
TMPD82 172.50 172.51 Hcy-si 
TMPD82 174.50 174.51 Hcy-si 
TMPD82 177.50 177.51 Hcy-si 
TMPD82 180.10 180.11 Hcy-si(ms-mHBX-S) 
TMPD82 183.10 183.11 Hcy-si(ms-mHBX-S) 
TMPD82 186.90 186.91 Hcy-si 
TMPD82 189.90 189.91 Hcy-si 
TMPD82 193.00 193.01 Hcy-si 
TMPD82 196.00 196.01 Hcy-si 
TMPD82 199.00 199.01 Hcy-si 
TMPD82 202.20 202.21 Hcy-si 
TMPD82 205.30 205.31 Hcy-si 
' TMPD82 208.60 208.61 Hcy-si 
TMPD82 211 .50 211 .51 Hcy-si 
TMPD82 214.60 214.61 Hcy-si(ms-mHBX-S) 
TMPD82 217.90 217.91 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Mln4 Occurrence Comments 
ph cc White clay clot (partly oxidised) 
dk CV 
ph di ccs Trc blk Cu-sulphides diss.in 5mm cy clot 
dk se PE Partially oxidised white clays in cHsi-cy 
ph dk di PE Partially oxidised white clays in cHsi-cy 
dk cc 
ph di dk PE Pervasive oxidised brown-white clays 
dk PE 
dk di cc Partially oxidised clay clots 
ph dk cc 
ph se PE Partially oxidised white clay altered la 
dk CV 2mm white clay vein 
dk PE Oxidised 
ph CV 
ph di ccs Trace black Cu-sulphides in clay clots 
ph di PE 
it ph PE 
ph dk PE 
ph PE 
al ph PE Pervasive white clay alteration 
ph se PE Pervasive white clay alteration 
ph PE Pervasive white clay alteration 
ph al PE Perv. white clay alt (50% oxidised) 
ph dk PE Pervasive white clay alteration 
ph dk PE Pervasive white clay alteration 
ph PE Pervasive white clay alteration 
ph PE Pervasive while clay alteration 
dk PH White clay all fd pheno. in silic.g/mass 
ph PE Pervasive white clays 
it PE Pervasive white clays 
dk PE Pervasive white clays 
it CV Waxy thick irregular clays (green) 
ph PE 
ph PE 
it PE 
ph PE 
dk PE Pale yellow-white to green clays 
it PE Pale yellow-white to green clays 
it ph PE While clay alteration in Hcy-si 
it ph PE White clay alteration in Hcy-si 
it FLT White clay fault gouge 
ph PE 
ii ph PE 
it PE 
mu PE Pervasive white clay alteration in Hcy-si 
se PE Pervasive white clay alteration in Hcy-si 
se PE Pervasive white clay alteration in Hcy-si 
it PE Pervasive white clay alteration in Hcy-si 
it PE Pervasive white clay alteration in Hcy-si 
ph se PE Pervasive white clay alteration in Hcy-si 
se PE Pervasive white clay alteration in Hcy-si 
se ph PE Pervasive white clay alteration in Hcy-si 
ph PE 
se FLT 
se ph PE 
F3-65 
File 
82T015 
82T016 
82T017 
82T018 
82T019 
82T020 
82T021 
82T022 
82T023 
82T024 
82T025 
82T026 
82T027 
82T028 
82T029 
82T030 
82T031 
82T032 
82T033 
82T034 
82T035 
82T036 
82T037 
82T038 
82T039 
82T040 
82T041 
82T042 
82T043 
82T044 
82T045 
82T046 
82T047 
82T048 
82T049 
82T050 
82T051 
82T052 
82T053 
82T054 
82T055 
82T056 
82T057 
82T058 
82T059 
82T060 
82T061 
82T062 
82T063 
82T064 
82T065 
82T066 
82T067 
82T068 
82T069 
Drillhole From To Litholoav 
TMPD82 220.60 220.61 Hcy-si 
TMPD82 223.60 223.61 Hcy-si 
TMPD82 226.90 226.91 Hcy-si 
TMPD82 229.70 229.71 Hcy-si 
TMPD82 232. 70 232. 71 Hcy-si 
TMPD82 235.60 235.61 Hcy-si 
TMPD82 238.60 238.61 Hcy-si 
TMPD82 242.00 242.01 Hcy-si 
TMPD82 245.30 245.31 Hcy-si 
TMPD82 248.70 248.71 Hcy-si 
TMPD82 251.70 251.71 Hcy-si 
TMPD82 254.60 254.61 Hcy-si 
TMPD82 257.60 257.61 Hcy-si 
TMPD82 260.80 260.81 Hcy-si 
TMPD82 263.80 263.81 Hcy-si(ms-mHBX-S) 
TMPD82 266.80 266.81 Hcy-si(ms-mHBX-S) 
TMPD82 269.80 269.81 Hcy-si(ms-mHBX-S) 
TMPD82 272.80 272.81 Hcy-si 
TMPD82 275.80 275.81 pla(SCC) 
TMPD82 278.80 278.81 pla(SCC) 
TMPD82 281 .80 281.81 pla(SCC) 
TMPD82 284.80 284.81 pla(SCC) 
TMPD82 287.80 287.81 pla(SCC) 
TMPD82 287 .80 287 .81 pla(SCC) 
TMPD82 290.80 290.80 pla(SCC) 
TMPD82 293.80 293.81 pla(SCC) 
TMPD82 296.80 296.81 Hcy-si 
TMPD82 299.60 299.61 Hcy-si 
TMPD82 302.60 302.61 pla(SCC) 
TMPD82 305.90 305.91 pla(SCC) 
TMPD82 309.00 309.01 pla(SCC) 
TMPD82 312.30 312.31 pla(SCC) 
TMPD82 315.30 315.31 pla(SCC) 
TMPD82 318.30 318.31 pla(SCC) 
TMPD82 321 .30 321.31 Hcy-si 
TMPD82 324.30 324.31 Hcy-si 
TMPD82 327.30 327.31 DI 
TMPD82 330.50 330.51 DI 
TMPD82 333.50 333.51 DI 
TMPD82 336.90 336.91 DI 
TMPD82 339.90 339.91 DI 
TMPD82 343.30 343.31 DI 
TMPD82 345.30 345.31 DI 
TMPD82 349.00 349.01 DI 
TMPD82 352.30 352.31 DI 
TMPD82 355.00 355.01 DI 
TMPD82 358.00 358.01 DI 
TMPD82 361.80 361.81 DI 
TMPD82 365.00 365.01 DI 
TMPD82 368.30 368.31 DI 
TMPD82 371 .50 371 .51 DI 
TMPD82 374.50 374.51 DI 
TMPD82 377.50 377.51 DI 
TMPD82 380.35 380.36 DI 
TMPD82 383.35 383.36 DI 
Appendix F3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
it PE Minor white clays in Hsi-cy 
se PE 
ph se PE 
ph it PE Pervasive clay altered la 
se PE Pervasive clay altered la 
ph PE Pervasive clay altered la 
it fc PE Perv .cy alt la plus pale green clays 
ph PE 
ph PE 
se PE Pervasive clay altered la 
it PE Pervasive clay altered la 
it PE 
se PE 
it ph PE 
se PE 
it FLT White fault gouge clays 
it FLT White fault gouge clays 
se PE 
it fc PE Pale white plus green clays 
it PE Pale white plus green clays 
it PE Pale white plus green clays 
it fc PE Pale white plus green clays 
fc GM Green (chloritic?) groundmass. 
it PH Yellow-white clay alt fd phenocrysts 
it PE Pale yellow plus green clays 
it fc PE 
se PE 
al PE 
it fc PE 
it fc PE White-yellow clay alteration 
it fc PE White plus green clays 
it fc PE White-yellow plus pale gm cy alt la 
it fc PE White-yellow plus pale gm cy alt la 
it PE White-yellow plus pale gm cy alt la 
se fc PE Green (chlorite?) alteration 
it fc PE Green (chlorite?) alteration 
it PE Yellow-white clay altered andesite 
it PE 
it PH White clay altered feldspar phenocrysts 
it PE 
it PE 
it fc PE Green-white clay altered andesite 
it fc PE Green-white clay altered andesite 
it PE 
it fc PE Green plus white clays 
it PE Green plus white clays 
it fc PE Green plus white clays 
it PE Green (chloritic?) clays 
it fc PE Green (chloritic?) clays 
se PE Green plus white clay altered andesite 
it gy PE Green plus white clay altered andesite 
it gy PE Green plus white clay altered andesite 
gy PE White Hey altered la 
se PE Hcy-si altered andesite 
se fc PE Hcy-si altered andesite 
F3-66 
File 
82T070 
82T071 
82T072 
82T073 
82T074 
82T075 
82T076 
82T077 
82T078 
82T079 
82T080 
82T081 
82T082 
82T083 
82T084 
.. 
82T085 
82T086 
82T087 
82T088 
82T089 
82T090 
82T091 
82T092 
82T092 
82T093 
82T094 
82T095 
82T096 
82T097 
82T098 
82T099 
82T100 
82T101 
82T102 
82T103 
82T104 
82T105 
82T106 
82T107 
82T108 
82T109 
82T110 
82T111 
82T112 
82T113 
82T114 
82T115 
82T116 
82T117 
82T118 
82T119 
82T120 
82T121 
82T122 
82T123 
Drillhole From To Litholoav 
TMPD82 387.10 387.11 DI 
TMPD82 390.10 390.11 DI 
TMPD82 393.90 393.91 DI 
TMPD82 396.70 396.71 DI 
TMPD82 398.00 398.01 DI 
TMPD82 401.00 401 .01 DI 
TMPD82 404.10 404.11 DI 
TMPD82 407.10 407.11 DI 
TMPD82 409.00 409.01 DI 
TMPD82 411.00 411 .01 DI 
TMPD86 010.00 010.01 la-fd-hb (LA) 
TMPD86 020.00 020.01 la-fd-hb (LA) 
TMPD86 030.00 030.01 la-fd-hb (LA) 
TMPD86 040.00 040.01 la-fd-hb (LA) 
TMPD86 050.00 050.01 la-fd-hb (LA) 
TMPD86 060.00 060.01 la-fd-hb (LA) 
TMPD86 070.00 070.01 la-fd-hb (LA) 
TMPD86 080.00 080.01 la-fd-hb (LA) 
TMPD86 090.00 090.01 la-fd-hb (LA) 
TMPD86 100.00 100.01 la-fd-hb (LA) 
TMPD86 110.00 110.01 la-fd-hb (LA) 
TMPD86 120.00 120.01 la-fd-hb (LA) 
TMPD86 130.00 130.01 la-fd-hb (LA) 
TMPD86 140.00 140.01 la-fd-hb (LA) 
TMPD86 150.00 150.01 la-fd-hb (LA) 
TMPD86 160.00 160.01 la-fd-hb (LA) 
TMPD86 190.00 190.01 la-fd-hb (LA) 
TMPD86 200.00 200.01 la-fd-hb (LA) 
TMPD86 210.00 210.01 la-fd-hb (LA) 
TMPD86 220.00 220.01 la-fd-hb (LA) 
TMPD86 224.05 224.06 pla 
TMPD86 227.20 227.21 pla 
TMPD86 230.80 230.81 pla 
TMPD86 230.80 230.81 pla 
TMPD86 233.25 233.26 pla 
TMPD86 236.00 236.01 pla 
TMPD86 240.00 240.01 pla 
TMPD86 243.30 243.31 pla 
TMPD86 247.10 247.11 pla 
TMPD86 247.10 247.11 pla 
TMPD86 250.70 250.71 pla 
TMPD86 254.00 254.01 pla 
TMPD86 257 .80 257 .81 pla 
TMPD86 261.25 261 .26 pla 
TMPD86 267.70 267.71 ms-cHBX 
TMPD86 274.60 274.61 ms-cHBX 
TMPD86 277.80 277.81 ms-cHBX 
TMPD86 281 .00 281 .01 pla 
TMPD86 284.20 284.21 pla 
TMPD86 287.00 287.01 pla 
TMPD86 291 .00 291 .01 vc-Ep 
TMPD86 294.60 294.61 
, 
pla 
TMPD86 300.50 300.51 pDI 
TMPD86 304.00 304.01 pDI 
TMPD86 307.00 307.01 pDI 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it gy PE Hcy-si altered andesite 
it gy PE Hcy-si altered andesite 
it PE Green clay altered la 
it fc PE Green clay altered la 
it fc PE 
it PE 
gy PE 
gy fc PE 
gy PE Pervasively chlorite + clay altered pla 
it fc PE Pervasively chlorite + clay altered pla 
ha PE Pink earthy slightly oxid Light Andesite 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
ha PE Hem stnd pk L.And. Pk col. deut oxid. 
ha PE Hem stnd pk L.And. Pk col. deut oxid. 
ha PE Hem stnd pk L.And. Pk col. deut oxid. 
ha PE Hem stnd pk L.And. Pk col. deut oxid. 
ha PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid . 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut ox id. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Hem stnd pk L.And. Pk col. deut oxid. 
mm PE Lyl to Wh cy spts in blk baked la. 
mm HBX Pale green clays in Hydrothermal bx 
ph PH Pale blue white waxy cy alt fd pheno. 
dk PE Light brown clay groundmass. 
ph dk PH Pale white clay alt feldspar phenocrysts 
mm FLT Pale green grey fault gouge clays. 
k FLT Grey fault gouge. 
mm FLT Pale green fault gouge 
k PH Pale blue white clay altered fd pheno 
k PE Perv. brown cy alt in pla groundmass 
mm FLT Pale green fault gouge 
mm PE White + Brown-grey clays 
k FLT Pale green grey fault gouge. 
pa GM Grey vfg g/mass to pla. 
mm HBX Pale green clay matrix to HBX 
sm PE 
sm PE Pale khaki green clays in faulted pla. 
mm PH Pale white cy altered fd phenocrysts 
sm PH Pale white cy altered fd phenocrysts 
sm PE White+ gm cy in hem stnd pla. 
sm fc PE Green clays (chloritic??) 
sm FLT Pale green fault gouge clays 
sm PH Pale wh to waxy blue cy alt of fd pheno 
sm PH Pale wh to waxy blue cy alt of fd pheno 
fc GM Green clavs 
F3-67 
File 
82T124 
82T125 
82T126 
82T127 
82T128 
82T129 
82T130 
82T131 
82T132 
82T133 
86T001 
86T002 
86T003 
86T004 
86T005 
86T006 
86T007 
86T008 
86T009 
86T010 
86T011 
86T012 
86T013 
86T014 
86T015 
86T016 
86T018 
86T019 
86T020 
86T021 
86T022 
86T023 
86T024 
86T024 
86T025 
86T026 
86T027 
86T087 
86T028 
86T028 
86T029 
86T030 
86T031 
86T032 
86T034 
86T036 
86T037 
86T038 
86T039 
86T040 
86T041 
86T042 
86T044 
86T045 
86T046 
Drill hole From To Litholoav 
TMPD86 307.00 307.01 pDI 
TMPD86 310.00 310.01 pDI 
TMPD86 316.30 316.31 pDI 
TMPD86 316.30 316.31 pDI 
TMPD86 320.00 320.01 pDI 
TMPD86 320.00 320.01 pDI 
TMPD86 323.20 323.21 pDI 
TMPD86 326.90 326.91 pDI 
TMPD86 329. 70 329. 71 pDI 
TMPD86 332.00 332.01 pDI 
TMPD86 335.40 335.41 cs-mHBX 
TMPD86 338.30 338.31 cs-mHBX 
TMPD86 342.00 342.01 cs-mHBX 
TMPD86 345.00 345.01 cs-mHBX 
TMPD86 348.60 348.61 pDI 
TMPD86 351 .60 351.61 pDI 
TMPD86 354.70 354.71 Hcy-si 
TMPD86 355.70 355.71 Hcy-si 
TMPD86 359.00 359.01 Hcy-si 
TMPD86 362.00 362.01 Hcy-si 
TMPD86 365.20 365.21 Hcy-si 
TMPD86 368.30 368.31 Hsi-cy 
TMPD86 370.50 370.51 Hsi-cy 
TMPD86 373.50 373.51 Hsi-cy 
TMPD86 377.00 377.01 Hsi-cy 
TMPD86 380.00 380.01 Hsi-cy 
TMPD86 383.00 383.01 Hsi-cy 
TMPD86 386.20 386.21 Hsi-cy 
TMPD86 388.50 388.51 pla 
TMPD86 391.50 391 .51 pla 
TMPD86 393.00 393.01 Hsi-cy 
TMPD86 396.20 396.21 Hsi-cy 
TMPD86 399.00 399.01 Hsi-cy 
TMPD86 402.00 402.01 Hsi-cy 
TMPD86 406.20 406.21 Hsi-cy 
TMPD86 408.80 408.81 Hsi-cy 
TMPD86 411.50 411.51 Hsi-cy 
TMPD86 414.50 414.51 Hsi-cy 
TMPD86 418.10 418.11 Hsi-cy 
TMPD86 421.00 421 .01 Hsi-cy 
TMPD86 422.50 422.51 Hsi-cy 
TMPD86 424.80 424.81 Hsi-cy 
TMPD87 006.00 006.01 pcla 
TMPD87 014.00 014.01 Recent-Ep 
TMPD87 020.80 020.81 Recent-Ep 
TMPD87 023.60 023.61 Recent-Ep 
TMPD87 031 .60 031 .61 Recent-Ep 
TMPD87 034.00 034.01 Recent-Ep 
TMPD87 037 .60 037 .61 Recent-Ep 
TMPD87 040.60 040.61 Recent-Ep 
TMPD87 043.20 043.21 Recent-Ep 
TMPD87 047.00 047.01 Recent-Ep 
TMPD87 056.40 056.41 Recent-Ep 
TMPD87 059.70 059.71 Recent-Ep 
TMPD87 062.80 062.81 Recent-Ep 
Appendix E3 
Tampakan PIMA II database 
Mln1 Mln2 Mln3 Mln4 Occurrence Comments 
sm PH Pale wh to waxy blue cy alt of fd pheno 
sm PH Pale wh to waxy blue cy alt of fd pheno 
fc GM Light brown vfg clays in pDI g/mass. 
sm PH White clay alt feldspa r pheno 
fc GM Light brown vfg clays in pDI g/mass. 
sm PH White clay altered feldspar pheno 
sm fc PE Light brown + white clays 
sm PE Light blue-white + light brown clays 
sm PH Pale light blue-white clay alt fd pheno 
sm fc PH Pale light blue-white clay alt fd pheno 
sm fc PE Light brown + Light blue-white clays 
sm FLT Green grey clays in fault gouge 
it FLT Green grey clays in fault gouge 
it fc FLT Whitei)rey puggy clay fault gouge 
sm fc PH Feldspar phenocrysts in pDI 
it fc FLT White-grey puggy clay fault gouge 
it fc PE 
it PE Light brown clays 
dk PE Light brown clays 
it PE Light brown clays 
se ph FLT Light grey+ light bm puggy flt gouge cy 
it FLT White puggy clay fault gouge 
gy PE Light brown to grey clay alteration 
gy ph PE 
it gy ph PE Light brown to grey clay alteration 
ph it PE 
se ph PE 
gy ph PH White to light blue clay altered fd pheno 
it fc PE Green chloritic? clay aletration. 
it PE 
gy it PE Light brown + grey clay alteration 
ph gy PE Light brown + grey clay alteration 
ph dk gy FLT White + light green-grey flt gouge cy 
ph PE Light blue-white + Light brown clays 
it PE Light brown clay alteration 
it FLT White puggy fault gouge clays 
ph PE 
ph se PE Light brown clays in Hsi-cy 
se ph PE Light brown + green clays 
ph dk cc White clay clot (3mm). 
dk CV Pale waxy L.gm-white cy vein (2mm). 
dk PH White clay alt feldspar pheno in Hsi-cy 
it PE Weathered clay 
ha PE Weathered clay 
dk ph PE Weathered clay 
ha PE Highly weathered clay 
ha PE Highly weathered clay 
ha FLT Clay altered fault breccia 
ha PE White clays 
se PE White clays 
it PE White clays 
ha FLT Weathered faul breccia 
ph dk HBX White to yellow clays 
mm HBX White to yellow clays 
it PE White clays 
F3-68 
File 
86T046 
86T047 
86T049 
86T049 
86T050 
86T050 
86T051 
86T052 
86T053 
86T054 
86T055 
86T056 
86T057 
86T058 
86T059 
061-060 
86T061 
86T062 
86T063 
86T064 
86T065 
86T066 
86T067 
86T068 
86T069 
86T070 
86T071 
86T072 
86T073 
86T074 
86T075 
86T076 
86T077 
86T078 
86T079 
86T080 
86T081 
86T082 
86T083 
86T084 
86T085 
86T086 
87T001 
87T003 
87T004 
87T005 
87T007 
87T008 
87T009 
87T010 
87T011 
87T012 
87T015 
87T016 
87T017 
Drill hole From To Lithology 
TMPD87 065.50 065.51 Hsi-cy 
TMPD87 069.60 069.61 Hsi(cs-mHBX-S) 
TMPD87 075.55 075.56 Hsi-cy 
TMPD87 078.55 078.56 pla 
TMPD87 081 .20 081 .21 pla 
TMPD87 084.40 084.41 pla 
TMPD87 087.60 087.61 Hcy-si 
TMPD87 090.60 090.61 pla 
TMPD87 093.10 093.11 pla 
TMPD87 096.60 096.61 pla 
TMPD87 099.60 099.61 pla 
TMPD87 102.60 102.61 pla 
TMPD87 105.60 105.61 pla 
TMPD87 108.80 108.81 Hsi-cy 
TMPD87 111 .60 111.61 Hcy-si 
TMPD87 114.50 114.51 Hcy-si 
TMPD87 117.60 117.61 Hcy-si 
TMPD87 120.20 120.21 Hcy-si 
TMPD87 123.00 123.01 Hcy-si 
TMPD87 126.00 126.01 Hcy-si 
TMPD87 129.80 129.81 Hcy-si 
TMPD87 132.60 132.61 Hcy-si 
TMPD87 135.80 135.81 Hcy-si 
TMPD87 138.80 138.81 Hcy-si 
TMPD87 141.30 141 .31 Hcy-si 
TMPD87 144.80 144.81 Hcy-si 
TMPD87 147.80 147.81 pla 
TMPD87 150.40 150.41 pla 
TMPD87 153.40 153.41 pla 
TMPD87 156.50 156.51 pla 
TMPD87 159.80 159.81 pla 
TMPD87 162.00 162.01 pla 
TMPD87 165.30 165.31 pla 
TMPD87 168.90 168.91 pla 
TMPD87 172.00 172.01 pla 
TMPD87 175.60 175.61 pla 
TMPD87 178.60 178.61 pla 
TMPD87 181.00 181.01 Hcy-si 
TMPD87 184.80 184.81 Hsi-cy 
TMPD87 187.00 187.01 Hsi-cy 
TMPD87 190.00 190.01 Hsi-cy 
TMPD87 193.60 193.61 Hsi-cy 
TMPD87 196.50 196.51 Hcy-si 
TMPD87 199.20 199.21 Hcy-si 
TMPD87 202.10 202.11 pla 
TMPD87 205.20 205.21 pla 
TMPD87 208.90 208.91 pla 
TMPD87 211.00 211 .01 pla 
TMPD87 214.30 214.31 Hcy-si 
TMPD87 217.00 217.01 Hcy-si 
TMPD87 220.00 220.01 pla 
TMPD87 223.00 223.01 pla 
TMPD87 226.00 226.01 pla 
TMPD87 229.00 229.01 pla 
TMPD87 232.00 232.01 pla 
Appendix El 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
ph dk PE White clay spots 
dk CV White clay vein in Hsi 
dk cc Minor clotted clays in Hsi 
mm PH White to yellow spotty clays 
it PE Clay alteration 
it PE Clay alteration 
it PE Clay alteration 
it PE White to green clays 
it PH White-yellow clay alteration 
it PH White-yellow clay alteration 
it PE Fine white spotty clays in la 
it PE White to yellow clay spots 
it PE White to yellow clay spots 
ph dk PE White clay spots in Hsi 
dk CV Clay veins in Hsi 
dk di PE 
dk CV White clay vein 
dk CV White clay vein 
dk CV White clay vein 
dk CV White clay vein 
dk CV White clay vein 
it PE 
dk CV White clay veins in Hsi 
al CV White clay veins in Hsi 
dk cc Minor clotted clay alteration 
dk PE White spotty clays 
it fc PE White and green clay altered andesite 
it fc PE White and green clay altered andesite 
it fc PH 1 mm white spotty clay alt phenocrysts 
it PH 1 mm white spotty clay alt phenocrysts 
it PH 1 mm white spotty clay alt phenocrysts 
it PH 1 mm white spotty clay alt phenocrysts 
it PH 1 mm white spotty clay alt phenocrysts 
it PH 1 mm white spotty clay alt phenocrysts 
it PH 1 mm white spotty clay alt phenocrysts 
it PH 1 mm white spotty clay alt phenocrysts 
it CV White clay vein 
ph PH Brown clay alteration 
di PE 
dk PH 1-2 mm white clay spots after fd pheno 
dk di cc Minor clay clots in Hsi 
ph CV 2mm clay veins 
ph PE White to yellow spotty clays 
it PE White to yellow spotty clays 
it PH 1-2 mm white clay spots after fd pheno 
it fc PH 1-2 mm white clay spots after fd pheno 
it PH 1-2 mm white clay spots after fd pheno 
ph dk PE White clay altered la 
it PE Red clay altered la (hem??). 
it FLT White clays in fault gouge 
it PH 1-2 mm white clay spots after fd pheno 
it PE 
it PH 1-2 mm white clay spots after fd pheno 
it PE White clay alteration 
it PH 1-5mm white clay alt. fd phenocrysts 
F3-69 
File 
87T018 
87T019 
87T021 
87T022 
87T023 
87T024 
87T025 
87T026 
87T027 
87T028 
87T029 
87T030 
87T031 
87T032 
87T033 
87T034 
87T035 
87T036 
87T037 
87T038 
87T039 
87T040 
87T041 
87T042 
87T043 
87T044 
87T045 
87T046 
87T047 
87T048 
87T049 
87T050 
87T051 
87T052 
87T053 
87T054 
87T055 
87T056 
87T057 
87T058 
87T059 
87T060 
87T061 
87T062 
87T063 
87T064 
87T065 
87T066 
87T067 
87T068 
87T069 
87T070 
87T071 
87T072 
87T073 
Drillhole From To Lithology 
TMPD87 235.00 235.01 pla 
TMPD87 238.00 238.01 pla 
TMPD87 241.30 241 .31 pla 
TMPD87 245.00 245.01 pla 
TMPD87 248.20 248.21 pla 
TMPD87 252.50 252.51 pla 
TMPD87 255.40 255.41 pla 
TMPD87 258.60 258.61 pla 
TMPD87 261 .20 261.21 Hcy-si 
TMPD87 264.30 264.31 Hcy-si 
TMPD87 267.00 267.01 Hcy-si 
TMPD87 270.00 270.01 Hcy-si 
TMPD87 273.60 273.61 pla(SCC) 
TMPD87 276.40 276.41 Hcy-si 
TMPD87 279.80 279.81 Hcy-si 
TMPD87 282.60 282.61 Hcy-si 
TMPD87 285.50 285.51 Hcy-si 
TMPD87 287.90 287.91 Hcy-si 
TMPD87 290.10 290.11 pla(SCC) 
TMPD87 292. 70 292. 71 pla(SCC) 
TMPD87 295.25 295.26 pla(SCC) 
TMPD87 298.00 298.01 pla(SCC) 
TMPD87 301.00 301.01 pla(SCC) 
TMPD87 304.30 304.31 pla 
TMPD87 307.35 307.36 Hsi-cy 
TMPD87 310.25 310.26 Hsi-cy 
TMPD87 314.45 314.46 Hcy-si 
TMPD87 316.05 316.06 Hcy-si 
TMPD87 319.00 319.01 Hsi-cy 
TMPD87 322.00 322.01 Hcy-si 
TMPD87 325.10 325.11 Hcy-si 
TMPD87 329.10 329.11 Hcy-si 
TMPD87 332.10 332.11 Hcy-si 
TMPD87 335.20 335.21 Hcy-si 
TMPD87 338.40 338.41 Hcy-si 
TMPD87 341.60 341 .61 Hcy-si 
TMPD87 344.00 344.01 Hcy-si 
TMPD87 347.00 347.01 Hcy-si 
TMPD87 350.00 350.01 pla(SCC) 
TMPD87 353.00 353.01 pla(SCC) 
TMPD87 356.10 356.11 pla(SCC) 
TMPD87 359.20 359.21 pla(SCC) 
TMPD87 361.00 361 .01 pla(SCC) 
TMPD87 364.00 364.01 pla(SCC) 
TMPD87 367.30 367.31 pla(SCC) 
TMPD87 370.30 370.31 pla(SCC) 
TMPD87 37 4.40 37 4.41 pla(SCC) 
TMPD87 377.00 377.01 Hcy-si 
TMPD87 380.00 380.01 Hcy-si 
TMPD87 383.00 383.01 Hcy-si 
TMPD87 386.00 386.01 Hcy-si 
TMPD87 390.00 390.01 ipla 
TMPD87 395.00 395.01 ipla 
TMPD87 397.90 397.91 ipla 
TMPD87 403.00 403.01 ipla 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it k PE White clays 
it PE White clays 
it PE White clays 
it CV 
it CV 
it PH 1 mm white clay alt fd phenocrysts 
it PE 
it PH White spotty clays 
mu PE 
se PE White clays in Hsi 
it PE White clays in Hsi 
mu PE White clays in Hsi 
fc it PE White to green clays in la 
se PE 3mm white spotty clays in la 
se PE 
se PE 
it fc PE Green 
se PE Fine white clays 
mu fc PE White to gr~en clay altered Hsi-cy 
se PE 1 mm white clay spots in Hsi 
mu fc PE 1 mm white clay spots in Hsi 
it PE 1 mm white clay spots in Hsi 
se PE 1 mm white clay spots in Hsi 
fc PE Green clay altered la 
it PE Green clay altered la 
it PE Green and white clay alteration 
gy it PE 1 mm white clay spots 
gy it PE 1 mm white clay spots 
gy it CV Clay vein (gypsum??) 
ph gy CV Gypsum?? vein with clays 
gy PE Hey altered (green) 
it PE Hey altered (green) 
it gy PE 
it gy cc Minor clay clots in Hcy-si 
it gy PE Clay spots in Hcy-si 
it PE Clay spots in Hcy-si 
it CV 
it gy PE White clays 
it gy PH 
it gy PE 
gy it fc PE Green to white clays 
gy it PE Green to white clays 
gy it fc PE Green altered la 
it PE Green altered la 
it gy PE Fine white spotty clays 
it PE Minor clays assoc. with gypsum vein 
gy CV 8 mm clay vein 
it PE 
it gy PE Green 
it PE Fine white spotty clays 
it gy PE 
it PH 2mm white clay spots after fd pheno 
it PH 2mm .,.,,:iite clay spots after fd pheno 
it PH Minor white clay alteration 
it fc PE Green la 
F3-70 
File 
87T074 
87T075 
87T076 
87T077 
87T078 
87T079 
87T080 
87T081 
87T082 
87T083 
87T084 
87T085 
87T086 
87T087 
87T088 
87T089 
87T090 
87T091 
87T092 
87T093 
87T094 
87T095 
87T096 
87T097 
87T098 
87T099 
87T100 
87T101 
87T102 
87T103 
87T104 
87T105 
87T106 
87T107 
87T108 
87T109 
87T110 
87T111 
87T112 
87T113 
87T114 
87T115 
87T116 
87T117 
87T118 
87T119 
87T120 
87T121 
87T122 
87T123 
87T124 
87T125 
87T126 
87T127 
87T128 
Drill hole From To Litholoov 
TMPD87 408.10 408.11 pla(SCC) 
TMPD87 412.00 412.01 pla(SCC) 
TMPD87 415.00 415.01 pla(SCC) 
TMPD87 418.00 418.01 pla(SCC) 
TMPD87 421.00 421.01 pla(SCC) 
TMPD87 424.00 424.01 Hcy-si 
TMPD87 427 .00 427 .01 Hcy-si 
TMPD87 434.00 434.01 Hcy-si 
TMPD87 440.00 440.01 Hcy-si 
TMPD87 443.00 443.01 Hcy-si 
TMPD87 446.00 446.01 Hcy-si 
TMPD87 449.00 449.01 Hcy-si 
TMPD87 456.00 456.01 pla(SCC) 
TMPD87 459.00 459.01 pla(SCC) 
TMPD87 460.80 460.81 pla(SCC) 
TMFD87 462.20 462.21 pla(SCC) 
TMPD87 465.20 465.21 pla(SCC) 
TMPD87 470.50 470.51 pla(SCC) 
TMPD87 473.00 473.01 pla(SCC) 
TMPD87 476.00 476.01 pla(SCC) 
TMPD87 479.00 479.01 pla(SCC) 
TMPD87 480.00 480.01 pla(SCC) 
TMPD87 483.40 483.41 pla(SCC) 
TMPD87 486.50 486.51 Hcy-si 
TMPD87 489.50 489.51 Hcy-si 
TMPD87 492.50 492.51 Hcy-si 
TMPD87 494.90 494.91 Hcy-si 
TMPD87 497 .00 497 .01 Hcy-si 
TMPD87 499.98 499.99 Hcy-si 
Appendix F3 
Tampakan PIMA II database 
Min1 Min2 Min3 Min4 Occurrence Comments 
it gy PE 2mm spotty white clays 
ii gy PE 
it gy PE Green 
it gy fc PE Green clays assoc. with gypsum veins 
it gy PE White clays in Hsi 
it PE White clays in Hsi 
it gy PE While clays in Hsi 
it PE White clays in Hsi 
gy it PE White clays in Hsi 
it gy PE White clay alteration 
it gy fc PE White clay alteration 
it gy PE White clay alteration 
it PE White clay alteration 
it fc PE White clay alteration 
it gy k PE White clay alteration 
it gy k PE White clays 
it gy PE White clays 
it gy PE White clays 
it PE White clays 
it gy k PE White clays 
it gy k PE White clays 
it gy PE White clays 
it gy PE White clays 
it gy PE White clay spots 
it gy PE White clay spots 
it gy PE Gypsum ?? vein 
ii PE Gypsum ?? vein 
ii PE Spotty white clay alteration 
it fc PH 3mm spotty white clay alt of Id pheno 
F3-71 
File 
87T129 
87T130 
87T131 
87T132 
87T134 
87T133 
87T135 
87T136 
87T137 
87T138 
87T139 
87T140 
87T142 
87T143 
87T144 
87T145 
87T146 
87T147 
87T148 
87T149 
87T150 
87T151 
87T152 
87T153 
87T154 
87T155 
87T156 
87T157 
87T158 

APPENDIX G 
(Chapter 10) 
Stable isotopes of magmatic phenocrysts and porphyry-stage 
plus high-sulphidation-epithermal-stage alteration minerals 
0180 and BD of magmatic hornblende and biotite and 
hydrothermal biotite, chlorite, sericite and quartz. 

Appendix G G1-1 
Mineral stable isotope data and NBS-28 quartz standard analyses 
Hornblende+ Biotite (Phenocrysts) 
Average 
Sample Number Mineral Date Working Gas 1)180{SMOW) 5180 {SMOW) l>D 
EA045009 Hornblende 16th April 2001 MAZZA 5.0 I 
EA045009 Hornblende 16th April 2001 MAZZA 4.8 4.9 -74 
EA043204 Hornblende 16th April 2001 MAZZA 5.3 I 
EA043204 Hornblende 16th April 2001 MAZZA 6.0 5.6 -74 
EA043207 Hornblende 16th April 2001 MAZZA 6.3 I 
EA043207 Hornblende 16th April 2001 MAZZA 6.0 6.1 
EA043212 Hornblende 16th April 2001 MAZZA 5.8 I 
EA043212 Hornblende 16th April 2001 MAZZA 5.1 5.5 -72 
EA043214 Hornblende 16th April 2001 MAZZA 5.9 I 
EA043214 Hornblende 16th April 2001 MAZZA 5.4 5.6 -63 
EA046389 Hornblende 16th April 2001 MAZZA 5.9 I 
EA046389 Hornblende 16th April 2001 MAZZA 6.4 6.1 -79 
EA049678 Hornblende 16th April 2001 MAZZA 5.7 I 
EA049678 Hornblende 16th April 2001 MAZZA 5.6 5.6 -74 
EA049678 Biotite 16th April 2001 MAZZA 5.2 I 
EA049678 Biotite 16th April 2001 MAZZA 5.3 5.3 
EA046377 Biotite 16th April 2001 MAZZA 6.5 I 
EA046377 Biotite 16th April 2001 MAZZA 6.1 6.3 -75 
Biotite + Chlorite (Porphyry-Stage) 
Tmpd8 (489.9m) Biotite:Chlorite 90:1 0 5th May 2001 MAZZA -0.3 I 
Tmpd8 (489.9m) Biotite:Chlorite 90:10 5thMay2001 MAZZA 0.0 -0.2 
Tmpd8 (492.2m) Biotite:Chlorite 35:65 5th May 2001 MAZZA 1.1 I 
Tmpd8 (492.2m) Biotite:Chlorite 35:65 5th May 2001 MAZZA 0.7 0.9 
Tmpd8 (482.2m) Biotite:Chlorite 90:10 5th May 2001 MAZZA 0.6 I 
Tmpd8 (482.2m) Biotite:Chlorite 90:10 5th May 2001 MAZZA -0.4 0.1 
Tmpd8 (482.2m) Biotite:Chlorite 30:70 5th May 2001 MAZZA -0.3 I 
Tmod81482.2ml Biotite:Chlorite 30:70 5th Mav2001 MAZZA 0.6 0.1 
Tmpd8 (489.9m) Biotite:Chlorite 85:15 -72 
Tmpd8 (492.2m) Biotite:Chlorite 70:30 -80 
Tmpd8 (492.2m) Biotite:Chlorite 50:50 -72 
Tmpd8 (482.2m) Biotite:Chlorite 30:70 -62 
Quartz Por h 
Tmpd8 (492.2m) Quartz 6th July 2001 MAZZA 5.19 
Tmpd8 (482.2m) Quartz 6th July 2001 MAZZA 4.80 
Tmpd8 (482.2m) Quartz 6th July 2001 MAZZA 4.52 4.84 
Tm 8 492.2m Quartz 6th Jul 2001 MAZZA 2.29 ?? 
Quartz + Sericite (Eoithermal-Staae) 
Tmpd77 (320-323m) Quartz 16th April 2001 MAZZA 6.12 
Tmpd77 (320-323m) Quartz 16th April 2001 MAZZA 4.84 
Tmpd77 (320-323m) Quartz 5th May2001 MAZZA 4.73 
Tmpd77 (320-323m) Quartz 5th May2001 MAZZA 4.06 4.94 
Tmpd77 (320-323m) Sericite:Quartz (78:22) 5th May2001 MAZZA 2.92 
Tmpd77 (320-323m) Sericite:Quartz (78:22) 5th May 2001 MAZZA 2.59 2.76 -72 (-69, -75) 
Tmpd62 (380-383m) Quartz 5th May2001 MAZZA 5.05 
Tmpd62 (380-383m) Quartz 5th May2001 MAZZA 4.29 4.67 
Tmpd62 (380-383m) Sericite:Quartz (76:24) 5th May2001 MAZZA 2.12 
Tmpd62 (380-383m) Sericite:Quartz (76:24) 5th May2001 MAZZA 3.57 2.85 -50 
NBS-28 Biotite Standard 
NBS28-(1) Quartz 16th April 2001 MAZZA 10.15 
NBS28-(2) Quartz 16th April 2001 MAZZA 10.04 
NBS28-(3) Quartz 16th April 2001 MAZZA 9.68 
NBS28-(4) Quartz 16th April 2001 MAZZA 9.57 
NBS28-(5) Quartz 16th April 2001 MAZZA 9.55 
NBS28-(6) Quartz 16th April 2001 MAZZA 9.36 
NBS28-(7) Quartz 16th April 2001 MAZZA 9.60 
NBS28-(8) Quartz 16th April 2001 MAZZA 9.26 
NBS28-(9) Quartz 16th April 2001 MAZZA 10.15 
NBS28-(10) Quartz 16th April 2001 MAZZA 9.06 
NBS28-(1) Quartz 5th May2001 MAZZA 9.75 
NBS28-(2) Quartz 5th May 2001 MAZZA 9.14 
NBS28-(3) Quartz 5th May 2001 MAZZA 9.80 
NBS28-(5) Quartz 5th May 2001 MAZZA 9.49 
NBS28-(6) Quartz 5th May2001 MAZZA 9.90 
NBS28-(7) Quartz 5th May 2001 MAZZA 9.45 
NBS28-(31) Quartz 6th July 2001 MAZZA 8.69 
NBS28-(32) Quartz 6th July 2001 MAZZA 10.53 
NBS28-(34) Quartz 6th July 2001 MAZZA 10.81 9.68± 0.5 Mean ± 1s.d. 

APPENDIX H 
(Chapter 11) 
District-sale palaeohydrology 
Location of whole-rock oxygen isotope samples. 
Bulk rock major-element chemical compositions. 
Pima II clay mineralogy and whole-rock 8180 data. 
Model parameters (temperature, 8180t1uid, mixing proportions) 
of hybrid hydrothermal fluids in the fluid mixing model. 

Appendix H H1-1 
District-scale oxygen isotope sample locations, mineralogy, oxide composition plus model hybrid fluid parameters 
Sample Northing I Easting I R.L. Mineral 1 I Mineral 2 l5 180 I A(Q-Rock) I Si02 I Al203 I Ti02 I Fe203I MgO I Cao I Na20 I K20 I MnO I P20 5 Hybrid Fluid 
metres metres metres PIMA II I PIMA II Temperature I Ii 100 I "lo Magmatic 
DA993969 710350 509150 950 7.9 1.414 60.66 17.71 0.59 5.37 1.88 5.59 4.69 2.49 0.21 0.81 62 -5.9 0.5 
DA993970 710350 509150 950 6.8 1.424 60.85 17.85 0.68 5.39 1.87 5.69 4.60 2.44 0.14 0.56 78 -5.5 4.1 
DA993971 710350 509150 950 8.0 1.401 61 .21 17.96 0.65 5.42 1.82 5.36 4.52 2.55 0.05 0.49 62 -5.9 0.5 
DA993974 710770 511250 1000 7.4 1.391 61 .32 17.89 0.53 4.73 1.84 5.71 4.65 2.47 0.20 0.66 73 -5.6 2.9 
EA046360 710780 503620 870 II lite 9.0 0.873 69.12 19.40 0.64 6.20 1.91 0.32 0.48 1.67 O.Q7 0.27 108 -4.6 10.8 
EA046363 710870 502080 670 Montmorillonite Nontronite 8.1 1.592 58.45 17.91 0.66 6.15 2.98 7.47 4.17 1.57 0.30 0.35 60 -6.0 0.0 
EA046362 711100 502900 710 Alunite Kaolinite 11.2 0.909 67.76 20.79 0.85 5.33 0.03 0.33 2.22 2.34 0.13 0.25 75 -5.6 3.4 
EA046361 711230 503185 790 lllite 10.6 0.885 67.62 20.54 0.84 6.25 0.79 0.44 0.94 1.87 0.14 0.59 84 -5.3 5.4 
DA993965 711450 506920 850 Halloysite 9.3 1.412 58.67 19.14 0.86 7.44 1.01 4.82 4.08 2.73 0.07 1.22 60 -6.0 0.0 
EA049755 711510 503270 770 Al unite 10.0 0.802 69.93 22.40 0.71 1.60 0.13 0.50 2.60 1.79 0.07 0.30 102 -4.8 9.5 
EA049756 711510 503270 770 Al unite 11.6 0.808 69.44 22.64 0.79 1.74 0.02 0.49 2.69 1.84 0.00 0.55 79 -5.5 4.3 
EA049757 711510 503270 770 Kaolinite Pyrophytlite 12.8 0.691 73.15 18.25 0.75 6.59 0.13 0.05 0.37 0.62 0.06 0.17 77 -5.5 3.8 
EA046364 711870 500900 465 9.4 1.514 60.29 17.40 0.61 5.46 3.01 7.13 4.10 1.72 0.04 0.28 60 -6.0 0.0 
DA993953 711960 505500 680 Halloysite 11.0 0.745 72.21 15.01 1.11 6.25 0.02 0.52 1.51 2.37 0.08 0.96 93 -5.1 7.4 
EA049769 712215 502480 490 Al unite Dickite 8.9 0.759 70.80 21 .18 0.79 3.07 0.11 0.23 1.69 1.78 0.07 0.32 123 -4.2 14.2 
EA046359 712300 510870 1240 Silica 23.3 0.000 98.59 0.17 0.67 0.26 0.07 0.06 0.17 0.13 0.04 0.00 60 -6.0 0.0 
DA993929 712650 503340 580 Kaolinite Alunite 9.7 0.718 72.64 17.86 0.96 5.77 0.14 0.26 0.81 1.34 0.02 0.30 115 -4.4 12.4 
TMPD 95 712800 502800 580 7.4 1.486 60.69 17.18 0.80 6.08 3.55 5.63 3.97 1.65 0.22 0.22 60 -6.0 0.0 
DA993940 712800 508330 1200 II lite 7.1 0.692 73.87 16.39 0.51 3.66 0.96 0.35 0.41 3.66 0.04 0.16 177 -2.6 26.4 
EA046316 712960 500610 390 Al unite 9.9 0.877 68.11 17.81 1.22 7.17 0.09 0.32 1.21 3.26 O.Q7 0.85 95 -5.0 7.9 
EA049767 713290 501510 530 Kaolinite Al unite 11.2 0.604 74.99 19.01 0.84 1.44 0.18 0.10 0.99 2.02 0.27 0.22 105 -4.7 10.1 
EA046317 713350 500760 490 Al unite 10.3 0.712 72.95 17.92 0.84 3.23 0.05 0.33 1.85 2.46 0.04 0.44 106 -4.7 10.4 
TMPD 93 713760 508190 1370 Pyrophyllite 5.9 0.694 73.01 17.11 0.90 7.91 0.05 0.22 0.18 0.08 0.17 0.38 238 -0.9 40.1 
EA049634 713777 505822 960 3.1 2.020 52.53 16.39 1.16 7.83 4.02 13.14 3.06 1.49 0.24 0.17 60 -6.0 0.0 
EA046358 713900 509570 1330 II lite Halloysite 7.2 1.040 63.62 23.59 0.82 7.28 1.59 0.26 0.42 1.99 0.22 0.21 122 -4.2 14.0 
EA049760 714050 502360 770 Dickite Al unite 10.0 0.752 69.21 24.42 1.03 2.18 0.02 0.13 0.66 2.10 0.03 0.33 107 -4.7 10.6 
EA036915 714050 503930 810 Kaolinite 9.4 0.685 71 .75 20.76 0.70 2.89 0.16 0.45 0.28 2.56 0.07 0.45 124 -4.2 14.4 
EA046318 714070 500810 490 Alunite 10.0 0.469 80.76 11.68 0.90 2.99 0.08 0.20 0.86 2.26 0.08 0.20 136 -3.8 17.1 
EA049607 714414 505965 1012 5.9 1.324 63.71 16.94 0.81 5.02 2.77 4.28 4.18 2.04 0.15 0.13 110 -4.6 11.3 
EA049683 714440 503430 720 lllite Pyrophyllite 5.2 0.611 74.71 18.13 0.83 3.14 0.15 0.22 0.34 2.09 0.12 0.27 309 1.1 56.1 
EA049688 714790 502810 510 6.6 1.337 63.37 18.02 0.92 5.1 8 3.86 2.30 5.12 1.06 0.02 0.18 93 -5.1 7.4 
EA049718 714859 506910 1320 Al unite 8.9 0.565 78.30 12.77 0.86 4.30 0.11 0.10 0.95 2.53 0.10 0.09 147 -3.5 19.6 
EA046319 714890 500250 310 Al unite Kaolinite 9.3 0.606 75.01 17.77 0.76 1.43 0.03 0.23 1.07 3.25 0.11 0.38 135 -3.9 16.9 
EA036909 714903 504703 920 7.1 0.535 79.51 10.48 0.30 7.89 0.12 0.15 0.47 0.94 0.00 0.24 207 -1.8 33.1 
EA049664 714970 506160 1110 Chlorite II lite 3.6 1.419 61.66 17.13 0.71 5.97 4.22 5.81 2.68 1.35 0.16 0.31 170 -2.9 24.8 
EA046353 715070 508400 1285 Silica 14.8 0.000 97.39 0.23 0.75 1.32 0.09 0.05 0.30 0.11 0.01 0.00 112 -4.5 11.7 

Appendix H H1-2 
District-scale oxygen isotope sample locations, mineralogy, oxide composition plus model hybrid fluid parameters 
Sample Northing I Easting I R.L. Mineral 1 I Mineral 2 8 180 I A(Q-Rock) I Si02 I Al203 I Ti02 I Fe20J MgO 1 CaO 1 Na201 K20 I MnO I P205 Hybrid Fluid 
metres metres metres PIMA II I PIMA II Temperature I 8 180 I % Magmatic 
DA993928 715200 501550 490 Alunite 10.6 0.293 86.27 9.01 0.75 1.06 0.05 0.30 0.90 1.43 0.07 0.17 144 -3.6 18.9 
EA049680 715357 505912 1135 Kaolinite II lite 4.1 0.565 75.78 19.32 0.50 3.37 0.17 0.17 0.16 0.50 0.02 0.18 309 1.1 56.1 
EA046304 715370 503930 730 lllite 7.4 0.997 65.27 19.69 0.88 7.46 1.43 0.88 0.96 2.49 0.05 0.90 123 -4.2 14.2 
DA993962 715470 505150 1050 Pyrophyllite 6.4 0.422 80.27 16.08 0.89 1.06 0.14 0.20 0.06 1.09 0.13 0.16 306 1.0 55.5 
DA993963 715470 505150 1050 Pyrophyllite Dickite 7.0 0.227 87.89 9.45 0.75 1.37 0.11 0.00 0.03 0.61 0.00 0.00 309 1.1 56.1 
DA993964 715470 505150 1050 Pyrophyllite Dickite 8.2 0.247 87.09 9.73 0.71 1.16 0.13 0.22 0.18 0.71 0.03 0.10 210 -1.7 33.8 
DA993927 715520 502400 520 lllite 6.1 0.700 74.33 15.47 0.50 4.42 1.10 0.38 0.64 2.98 0.07 0.15 225 -1.3 37.2 
EA046305 715550 503635 750 Alunite 9.7 1.399 58.58 20.50 0.93 7.41 1.64 3.83 3.38 2.81 0.08 0.89 60 -6.0 0.0 
EA049651 715635 505795 1245 Pyrophyllite II lite 4.6 0.635 74.24 19.30 0.69 2.02 0.21 0.31 0.56 2.62 0.10 0.08 309 1.1 56.1 
EA046326 715665 504435 860 lllite 5.7 0.854 68.71 19.23 0.67 7.53 0.10 0.16 0.31 3.15 0.05 0.15 204 -1.9 32.5 
EA049714 715717 506781 1316 lllite Dickite 8.1 0.738 72.06 19.43 0.76 4.28 0.44 0.28 0.73 2.03 0.06 0.04 144 -3.6 18.9 
DA993959 715735 505340 1140 II lite 6.2 0.321 84.68 11 .13 0.55 0.79 0.15 0.07 0.13 2.69 0.03 0.00 309 1.1 56.1 
EA046337 715780 509020 1290 Nontronite 7.8 1.822 55.09 16.47 1.43 8.10 5.25 7.74 3.49 1.99 0.10 0.38 60 -6.0 0.0 
EA046348 715950 513365 940 8.6 1.657 56.39 18.56 0.93 6.90 2.58 7.10 4.02 2.83 0.26 0.43 60 -6.0 0.0 
EA046315 716000 501370 535 Al unite 12.8 0.752 70.32 21.41 0.88 1.09 0.12 0.41 1.75 3.57 0.00 0.72 71 -5.7 2.5 
EA046336 716050 499920 320 7.9 1.346 62.76 17.66 0.60 5.12 1.54 5.18 4.50 2.30 0.17 0.17 71 -5.7 2.5 
EA049728 716097 506451 1295 Kaolinite 4.3 0.546 75.95 19.74 0.63 2.35 0.13 0.26 0.25 0.48 0.03 0.27 
EA046347 716130 512280 980 Kaolinite Halloysite 10.0 0.340 82.25 15.87 0.70 0.21 0.09 0.12 0.22 0.20 0.09 0.42 151 -3.4 20.5 
EA049722 716169 506194 1315 Silica 7.4 0.000 97.99 0.53 0.83 0.58 0.05 0.08 0.21 0.08 0.09 0.00 309 1.1 56.1 
EA043700 716264 505644 795 2.9 1.223 62.35 16.70 0.35 3.34 1.83 3.80 4.98 1.39 0.03 0.17 
EA046329 716300 504700 1050 lllite Chlorite 5.7 1.028 64.67 20.61 0.88 5.57 3.18 0.22 0.48 3.45 0.15 0.79 169 -2.9 24.6 
EA046312 716340 503090 900 Silica 14.7 0.000 98.31 0.28 0.83 0.22 0.06 0.09 0.31 0.21 0.00 0.00 115 -4.4 12.4 
EA049727 716367 506933 1238 Alunite 6.3 0.178 90.03 7.23 0.62 0.15 0.09 0.05 0.70 1.08 0.10 0.00 
EA046313 716390 502185 780 Pyrophyllite Alunite 10.2 0.593 75.56 15.81 0.99 3.60 0.12 0.48 0.99 1.64 0.03 0.87 120 -4.3 13.5 
EA046320 716425 500170 440 Montmorillonite 7.6 1.475 60.46 17.87 0.66 5.84 2.08 6.34 4.34 2.14 0.09 0.23 60 -6.0 0.0 
EA046344 716500 510475 1080 Silica 9.8 0.244 90.66 0.41 2.68 5.73 0.03 0.07 0.24 0.19 0.13 0.03 165 -3.0 23.7 
EA046340 716560 509670 1180 Kaolinite Al unite 10.4 0.636 73.98 18.76 0.98 2.94 0.27 0.30 1.04 1.22 0.00 0.62 113 -4.5 11.9 
DA993924 716700 504050 1010 Kaolinite 9.1 0.635 73.46 20.17 0.64 4.78 0.05 0.11 0.18 0.32 0.04 0.28 134 -3.9 16.7 
DA993923 716720 505130 1280 Silica 9.1 0.000 97.38 0.37 1.24 0.47 0.09 0.06 0.32 0.23 0.11 0.00 217 -1.5 35.4 
DA993921 716720 505130 1280 Silica 8.3 0.000 97.86 0.74 0.91 0.40 0.08 0.04 0.21 0.23 0.00 0.00 260 -0.3 45.1 
DA993922 716720 505130 1280 Silica 8.4 0.000 97.47 0.54 1.10 0.55 0.03 0.03 0.25 0.30 0.05 0.00 250 -0.6 42.8 
EA046311 716840 503095 870 Silica 11.6 0.078 95.01 0.24 0.88 3.21 0.05 0.09 0.28 0.30 0.14 0.00 148 -3.5 19.8 
EA046335 716930 501110 430 Kaolinite Al unite 9.6 0.798 69.89 20.60 0.77 3.83 0.10 0.34 1.68 2.36 0.05 0.44 108 -4.6 10.8 
EA046350 716940 512630 890 lllite Chlorite 6.7 0.949 69.25 15.86 0.56 3.25 2.23 0.17 2.22 6.22 0.05 0.27 148 -3.5 19.8 
EA046352 717020 511180 1080 Silica 10.9 0.000 98.52 0.23 0.78 0.08 0.03 0.06 0.21 0.05 0.21 0.00 175 -2.7 25.9 
EA046310 717180 502710 760 Silica 10.0 0.032 96.22 0.17 1.15 1.98 0.10 0.19 0.15 0.19 0.00 0.06 185 -2.4 28.2 

Appendix H H1-3 
District-scale oxygen isotope sample locations, mineralogy, oxide composition plus model hybrid fluid parameters 
Sample Northing I Easting I R.L. Mineral 1 I Mineral 2 a 180 I A(Q-Rock) I Si02 I Al203 I Ti02 I Fe203I MgO I Cao I Na20 I K20 I MnO I P205 Hybrid Fluid 
metres metres metres PIMA II I PIMA II Temperature I a '"O I % Magmatic 
EA049741 717288 505386 1230 Silica 9.4 0.000 97.38 0.70 0.58 1.10 0.13 0.10 0.01 0.06 0.09 0.06 209 -1.7 33.6 
EA049772 717420 504840 1040 II lite 6.8 1.008 66.29 20.15 0.68 6.24 2.56 0.45 0.70 2.58 0.23 0.13 135 -3.9 16.9 
EA049691 717630 505940 1270 II lite 7.1 0.663 74.24 17.89 0.72 2.36 0.26 0.13 1.34 2.89 0.09 0.17 183 -2.5 27.7 
EA046331 717710 501550 440 Dickite Al unite 12.7 0.210 88.63 8.43 0.66 1.38 0.08 0.07 0.35 0.43 0.05 0.15 119 -4.3 13.3 
DA993930 717720 509580 1213 Silica 8.7 0.000 98.36 0.28 0.98 0.13 0.03 0.04 0.25 0.22 0.08 0.00 239 -0.9 40.4 
DA993931 717720 509580 1213 Silica 9.1 0.000 98.45 0.21 0.81 0.23 0.05 0.06 0.15 0.26 0.10 0.00 224 -1.3 37.0 
DA993932 717720 509580 1213 Silica 9.9 0.000 98.32 0.23 1.00 0.13 0.04 0.06 0.27 0.16 0.00 0.02 197 -2.1 30.9 
EA046343 717730 507950 1190 Kaolinite 9.3 0.636 72.33 21.45 0.61 3.12 0.16 0.40 0.32 0.67 0.1 8 0.77 132 -3.9 16.2 
DA993910 717780 505545 1275 lllite 6.8 0.752 71 .95 17.31 0.66 4.84 0.78 0.17 0.26 3.83 0.08 0.12 178 -2.6 26.6 
EA049778 717800 504285 885 Chlorite Epidote 5.6 1.621 58.54 1i'.81 0.71 7.36 4.77 4.50 5.14 0.78 0.20 0.20 70 -5.7 2.3 
EA046334 717820 . 500250 590 Kaolinite 11.8 0.350 82.13 15.43 0.27 1.12 0.09 0.36 0.11 0.24 0.00 0.42 119 -4.3 13.3 
EA046308 717970 502020 570 Silica 11.6 0.176 92.20 0.33 1.02 6.06 0.01 0.06 0.23 0.16 0.00 0.12 140 -3.7 18.0 
EA049697 718120 503120 605 Epidote 5.4 1.522 60.95 15.89 0.69 7.30 4.94 5.83 3.73 0.10 0.32 0.26 88 -5.2 6.3 
EA049779 718150 503930 800 4.2 1.658 59.34 14.80 0.72 7.93 6.55 6.52 3.30 0.45 0.20 0.19 92 -5.1 7.2 
EA049692 718220 506960 1205 Pyrophyllite II lite 6.6 0.494 78.28 17.31 0.60 1.47 0.15 0.13 0.31 1.77 0.01 0.04 243 -0.8 41.3 
EA049693 718280 508210 1200 Al unite 12.9 0.533 78.20 15.82 0.95 0.78 0.11 0.17 1.44 2.42 0.11 0.20 90 -5.1 6.8 
EA049699 718460 502100 465 Epidote Montmorillonite 5.1 1.639 59.15 16.07 0.74 5.96 5.78 7.1 6 3.55 1.22 0.14 0.22 77 -5.5 3.8 
DA993945 718870 500980 440 Diaspore 9.0 0.092 92.36 6.14 0.58 0.16 0.08 0.11 0.28 0.20 O.D1 0.19 206 -1.8 32.9 
KTCD4 719200 505780 1160 lllite 5.7 0.962 66.51 19.45 0.59 6.07 1.57 0.33 0.24 4.91 0.09 0.23 180 -2.6 27.1 
KTCD3 719840 505180 940 II lite 9.1 0.994 66.08 20.68 0.78 6.88 1.59 0.46 0.72 2.76 0.05 0.14 93 -5.1 7.4 
DA993948 720000 500140 525 Chlorite Epidote 6.8 1.439 62.50 15.64 0.58 6.31 4.75 4.48 4.27 0.97 0.23 0.28 75 -5.6 3.4 
EA046369 720300 503560 740 6.7 1.804 56.61 15.54 0.74 8.35 5.86 9.02 2.94 0.74 0.1 3 0.09 60 -6.0 0.0 
DA993949 720440 499955 580 II lite 6.8 1.374 61 .71 18.11 0.54 6.78 3.78 2.28 4.27 2.04 0.13 0.35 84 -5.3 5.4 
EA046370 720810 503250 730 8.0 1.793 56.66 15.79 0.77 9.28 6.63 5.31 4.30 1.07 0.16 0.06 60 -6.0 0.0 
EA046366 721200 504810 550 Kaolinite 9.0 0.701 69.91 25.57 0.92 2.53 0.07 0.06 0.30 0.30 0.02 0.38 130 -4.0 15.8 
EA046374 721560 503900 450 Dickite Alunite 10.4 0.322 83.92 11.13 0.71 2.59 0.06 0.20 0.21 0.66 0.01 0.60 146 -3.5 19.4 
DA993952 721590 499980 710 lllite 9.1 1.182 66.36 15.02 0.96 5.39 3.47 2.18 3.88 2.08 0.17 0.50 73 -5.6 2.9 
EA046372 722180 503655 510 6.2 1.632 59.36 15.41 0.62 7.55 4.34 6.51 4.43 1.56 0.14 0.18 60 -6.0 0.0 
EA045855 722570 517945 6.1 1.311 63.16 17.54 0.70 5.23 1.03 4.80 4.55 2.58 0.18 0.22 107 -4.7 10.6 
EA045849 722590 516910 8.2 1.402 61 .35 17.95 0.88 6.56 1.54 5.18 4.23 2.01 0.14 0.23 60 -6.0 0.0 
EA045810 723790 513575 650 11.9 0.118 93.88 0.61 0.65 4.61 0.06 0.08 0.18 0.11 0.09 0.00 140 -3.7 18.0 
EA045733 723900 511400 1070 lllite 11.2 0.738 77.52 9.15 0.54 3.63 1.31 6.00 0.33 1.09 0.32 0.11 91 -5.1 7.0 
EA045735 723900 511400 1070 lllite 12.5 0.844 74.24 9.14 0.51 7.85 0.84 4.87 0.77 1.24 0.10 0.45 67 -5.8 1.6 
EA045799 724200 517500 400 8.3 1.466 60.26 16.91 0.78 5.44 2.86 6.10 4.33 2.56 0.01 0.90 60 -6.0 0.0 

